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CHEMICALLY MODIFIED CARBONC 
ANHYDRASES USEFUL IN CARBON 

CAPTURE SYSTEMS 

1. STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with Government support under 
DE-AR0000071 awarded by the Department of Energy. The 
Government has certain rights in this invention. 

2. CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority of U.S. non-provi 
sional application Ser. No. 13/174,253, filed Jun. 30, 2011, 
now issued as U.S. Pat. No. 8,354.262, and of U.S. provi 
sional patent applications 61/360,040, filed Jun. 30, 2010, 
61/445,996, filed Feb. 23, 2011, and 61/492,758, filed Jun. 2, 
2011, each of which is hereby incorporated by reference 
herein. 

3. TECHNICAL FIELD 

The present disclosure relates to soluble compositions and 
formulations of chemically modified carbonic anhydrase 
polypeptides that exhibit increased activity and thermostabil 
ity, and methods of using these polypeptides in carbon cap 
ture systems. 

4. REFERENCE TO SEQUENCE LISTING, 
TABLE OR COMPUTER PROGRAM 

The Sequence Listing concurrently Submitted electroni 
cally under 37 C.F.R. S1.821 via EFS-Web in a computer 
readable form (CRF) as file name CX4-087US1 ST25.txt is 
herein incorporated by reference. The electronic copy of the 
Sequence Listing was created on Jun. 29, 2011 with a file size 
of 2,064,813 bytes. 

5. BACKGROUND 

The enzyme, carbonic anhydrase (“CA) (EC 4.2.1.1), 
catalyzes the reversible reactions depicted in Scheme 1: 

Scheme 1 

CO2 + H2O HCO+H" 

In the forward or “hydration' reaction, CA combines car 
bon dioxide and water to provide bicarbonate and a proton, or 
depending on the pH, to provide carbonate (CO’) and two 
protons. In the reverse, or “dehydration reaction, CA com 
bines bicarbonate and a proton to provide carbon dioxide and 
water. Carbonic anhydrases are metalloenzymes that typi 
cally have Zn' in the active site. However carbonic anhy 
drases having e.g. Co" or Cd" in the active site have been 
reported. At least three classes of carbonic anhydrases have 
been identified in nature. 

The C-class carbonic anhydrases are found in vertebrates, 
bacteria, algae, and the cytoplasm of green plants. Vertebrate 
C-class carbonic anhydrases are among the fastest enzymes 
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known, exhibiting a turnover number (k) (the number of 65 
molecules of substrate converted by an enzyme to product per 
catalytic site per unit of time) of 10 sec'. The f-class car 

2 
bonic anhydrases are found in bacteria, algae, and chloro 
plasts, while Y-class carbonic anhydrases are found in 
Archaea and some bacteria. Although carbonic anhydrases of 
each of these classes have similar active sites, they do not 
exhibit significant overall amino acid sequence homology 
and they are structurally distinguishable from one another. 
Hence, these three classes of carbonic anhydrase provide an 
example of convergent evolution. 

It has been proposed to use carbonic anhydrase as a bio 
logical catalyst to accelerate the capture of carbon dioxide 
produced by combustion of fossil fuels. See e.g., U.S. Pat. 
Nos. 6,143,556, 6,524,843 B2, 7,176,017 B2, 7,596,952 B2, 
7,579,185 B2, 7,740,689 B2, 7,132,090 B2; U.S. Pat. Publ. 
Nos. 2009/0155889A1, 2010/0086983A1; PCT Publ. Nos. 
WO2006/089423A1, WO2010/014773A1, WO2010/ 
045689A1. Naturally occurring carbonic anhydrases, how 
ever, are not well-suited for use under the process relevant 
conditions that are required for an economically viable car 
bon dioxide capture system. These process relevant condi 
tions include: presence in solution with high concentrations 
of other CO absorption mediating compounds (e.g., amines, 
ammonia, carbonate ions, amino acids); elevated tempera 
tures (e.g., 40° C. or above, or 15° C. or below in NH), 
alkaline pHs (e.g., pH 8-12); presence of gas contaminants 
(e.g., high levels NO, and SO); and extended periods of 
exposure to these challenging conditions (e.g., days to 
weeks). In addition, such carbonic anhydrases should also be 
stable to variations in these process conditions, e.g., stable not 
only at a relatively alkaline pH suitable for hydration and 
sequestration of carbon dioxide but also at a relatively acidic 
pH suitable for subsequent release and/or recapture of the 
hydrated and/or sequestered carbon dioxide. 

Chemical conjugates of C-class carbonic anhydrases and 
some of their physical properties have been described in the 
following references: Epton et al. “Soluble polymer-protein 
conjugates: 1. Reactive N-(sym-trinitroaryl)polyacrylamide/ 
acrylhydrazide copolymers and derived carbonic anhydrase 
conjugates.” Polymer 18: 319-323 (1977); Farmer et al., 
“Assessing the Multimeric States of Proteins: Studies Using 
Laser Desorption Mass Spectrometry. Biol. Mass Spectrom 
etry 20, 796-800 (1991); Gitlinet al., “Peracetylated Bovine 
Carbonic Anhydrase (BCA-Acts) Is Kinetically More Stable 
than Native BCA to Sodium Dodecyl Sulfate.” J. Phys. Chem. 
B. 110: 2372-2377 (2006); Gudiksen et al., “Eliminating 
Positively Charged Lysine e-NH Groups on the Surface of 
Carbonic Anhydrase Has No Significant Influence on Its 
Folding from Sodium Dodecyl Sulfate.” J. Am. Chem. Soc. 
127: 4707-4714 (2005): Gudiksen et al., “Increasing the Net 
Charge and Decreasing the Hydrophobicity of Bovine Car 
bonic Anhydrase Decreases the Rate of Denaturation with 
Sodium Dodecyl Sulfate.” Biophys. J. 91: 298-310 (2006): 
Bootorabi et al., “Modification of carbonic anhydrase II with 
acetaldehyde, the first metabolite of ethanol, leads to 
decreased enzyme activity.” BMC Biochemistry 9:32 (2008); 
Trachtenberg et al., “Carbon Dioxide Transport By Proteic 
And Facilitated Transport Membranes. Life Support & Bio 
sphere Science 6: 293-302 (1999); and Bhattacharya et al., 
“CO hydration by immobilized carbonic anhydrase. Bio 
technol. Appl. Biochem. 38: 111-117 (2003). 

Accordingly, there is a need in the art for engineered and/or 
chemically modified carbonic anhydrases with further 
improved enzymatic properties that can effectively accelerate 
the absorption of carbon dioxide from a gas stream and/or 
accelerate desorption of carbon dioxide from a capture solu 
tion under process relevant conditions. 

6. SUMMARY 

The present disclosure provides soluble compositions and 
homogenous liquid formulations comprising a carbonic 
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anhydrase that is chemically modified by treatment with a 
cross-linking agent. The chemically modified carbonic anhy 
drases of the present disclosure are not cross-linked or other 
wise attached to a solid phase. The soluble compositions of 
the present disclosure are soluble in aqueous solvent, forming 
a homogenous liquid solution. For example, in one embodi 
ment, the present disclosure provides a soluble composition 
having carbonic anhydrase activity comprising a carbonic 
anhydrase polypeptide chemically modified by treatment 
with a cross-linking agent, wherein the polypeptide amino 
acid sequence has at least 80% identity to SEQ ID NO:2. 
Similarly, the formulations of the present disclosure, which 
comprise a chemically modified carbonic anhydrase, a CO 
absorption mediating compound, and an aqueous solvent, are 
also homogenous liquid solutions. For example, the homog 
enous liquid formulation can comprise an aqueous Solution of 
the soluble composition of any of the chemically modified 
carbonic anhydrase polypeptides disclosed herein and a CO 
absorption mediating compound. 
A Surprising advantage of the chemically modified car 

bonic anhydrases of the present disclosure (and the soluble 
compositions and formulations comprising them) is that they 
have increased stability and/or increased carbonic anhydrase 
activity (e.g., at least 1.5-fold, at least 2-fold, at least 4-fold, or 
even at least 5-fold increased) relative to the same carbonic 
anhydrase that is not chemically modified under process rel 
evant carbon capture conditions (e.g., high temperature and 
the presence of high concentrations of CO absorption medi 
ating compounds). More specifically, the chemically modi 
fied carbonic anhydrases of the present disclosure are capable 
of improved acceleration (relative to the same carbonic anhy 
drase that is not chemically modified) of the absorption of 
carbon dioxide from a gas stream into a solution comprising 
a CO absorption mediating compound (e.g., amines, ammo 
nia, carbonate ion, amino acid) under Suitable conditions 
useful for various carbon capture processes (e.g., flue-gas 
scrubbers). Thus, in various embodiments the present disclo 
Sure provides chemically modified carbonic anhydrase 
polypeptides, and compositions and formulations comprising 
them, that are capable of catalyzing the hydration of carbon 
dioxide to bicarbonate or the reverse dehydration of bicar 
bonate to carbon dioxide with increased activity relative to the 
same carbonic anhydrases that are not chemically modified 
(and other known naturally occurring carbonic anhydrases) 
after exposure to high concentrations of CO2 absorption 
mediating compound and/or thermal (e.g., T-40° C.). For 
example, in some embodiments, the chemically modified 
carbonic anhydrases have carbonic anhydrase activity in 4.2 
MMDEA at 50° C. that is increased (e.g., at least 1.5-fold, at 
least 2-fold, at least 4-fold, or even at least 5-fold increased) 
relative to the activity of the same carbonic anhydrase 
polypeptide that is not chemically modified (i.e., unmodified) 
. Similarly, in some embodiments, the chemically modified 
carbonic anhydrase is characterized by stability in 4.2 M 
MDEA at 75° C. that is increased (e.g., at least 1.5-fold, at 
least 2-fold, at least 4-fold, or even at least 5-fold increased) 
relative to the carbonic anhydrase polypeptide when it is not 
chemically modified. 

Accordingly, the present disclosure also provides methods, 
processes, and bioreactors for using the disclosed chemically 
modified carbonic anhydrases polypeptides, compositions, 
and formulations for carbon capture. In some embodiments, 
the chemically modified carbonic anhydrase polypeptides 
(and compositions and formulations comprising them) of the 
present disclosure are used in methods for removing carbon 
dioxide from a gas stream, e.g., flue gas produced by the 
combustion of fossil fuels. The methods for removing carbon 
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dioxide from a gas stream (e.g., capturing or extracting CO 
gas) comprise the step of contacting the gas stream with a 
Solution, wherein comprises a chemically modified carbonic 
anhydrase polypeptide of the disclosure having an improved 
property (e.g., increased activity, thermostability and/or sol 
vent stability), whereby carbon dioxide from the gas stream is 
absorbed into the solution (e.g., CO gas diffuses into solution 
and is hydrated to bicarbonate). In some embodiments, the 
present disclosure provides a method for removing carbon 
dioxide from a gas stream comprising the step of contacting 
the gas stream with a homogenous liquid solution under Suit 
able conditions, wherein the solution comprises: (i) a car 
bonic anhydrase polypeptide chemically modified by treat 
ment with a cross-linking agent; and (ii) a CO absorption 
mediating compound; whereby the Solution absorbs at least a 
portion of the carbon dioxide from the gas stream. The 
method can comprise further steps of isolating and/or sepa 
rately treating the solution comprising the absorbed carbon 
dioxide according to known methods to further sequester 
and/or otherwise utilize the carbon dioxide. The methods of 
removing carbon dioxide from a gas stream using a chemi 
cally modified carbonic anhydrase polypeptide disclosed 
herein can be carried out in the presence of a range of CO. 
absorption mediating compounds, and under a range of Suit 
able conditions disclosed herein including, but not limited to: 
polypeptide concentration (and polypeptide form—e.g., 
lysates, whole cells, or purified powder); Solution tempera 
ture; solution pH; solution CO loading (e.g., C. 0 to about 
0.7); Solvent composition; Solution concentration of specified 
CO absorption mediating compound—e.g., an amine com 
pound, ammonia, and/or carbonate ion. 
The present disclosure also provides methods, reagents, 

and conditions for preparing the chemically modified car 
bonic anhydrases polypeptides having the improved proper 
ties of increased activity and/or stability that make them par 
ticularly useful in the carbon capture methods, processes and 
bioreactors. In some embodiments, the disclosure provides a 
method comprising contacting a solution of a carbonic anhy 
drase polypeptide (e.g., an O-class, f-class, Y-class, S-class 
(Zeta-class), and/or recombinant or engineered carbonic 
anhydrase) with a solution of a cross-linking agent selected 
from the group consisting of a dialdehyde, a bis-imidate ester, 
a bis(N-hydroxysuccinimide) ester, a diacid chloride, and 
mixtures thereof. 
The present disclosure provides a variety of carbonic anhy 

drase polypeptides and cross-linking agents useful for prepa 
ration and use of the chemically modified carbonic anhydrase 
polypeptides, compositions, and formulations exhibiting 
improved properties under carbon capture process condi 
tions. The various cross-linking agents provided are selected 
from the group consisting of dialdehyde, a bis-imidate ester, 
a bis(N-hydroxysuccinimide) ester, a diacid chloride, and 
mixtures thereofand can include any one of the cross-linking 
agents: malondialdehyde, glutaraldehyde, dimethyl Suber 
imidate, dimethyl pimelimidate, suberic acid bis(N-hydrox 
ySuccinimide), and mixtures thereof. 

In Some embodiments, the carbonic anhydrase polypeptide 
that is chemically modified by treatment with a cross-linking 
agent is a naturally-occurring C-class, B-class, Y-class, or 
S-class (Zeta-class) carbonic anhydrase, or a recombinant 
carbonic anhydrase derived therefrom. In some embodi 
ments, the carbonic anhydrase is an O-class carbonic anhy 
drase comprising an amino acid sequence selected from the 
group consisting of SEQ ID NO: 1298, 1300, 1302, 1304, 
1306, and 1308, or a recombinant carbonic anhydrase derived 
therefrom. In some embodiments, the carbonic anhydrase 
that is chemically modified is a B-class carbonic anhydrase 
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comprising an amino acid sequence selected from the group 
consisting of SEQ ID NO: 2, 1288, 1290, 1292, 1294, and 
1296, or a recombinant carbonic anhydrase derived there 
from. In some embodiments, the carbonic anhydrase that is 
chemically modified is a recombinant or engineered carbonic 
anhydrase polypeptide that has improved enzymatic proper 
ties relative to a reference polypeptide—e.g., a naturally 
occurring carbonic anhydrase from which the engineered 
carbonic anhydrase was derived. Thus, the improved enzy 
matic properties associated with the engineered carbonic 
anhydrase can be further improved by chemical modification 
as described in the present disclosure. Accordingly, in one 
aspect, the chemically modified carbonic anhydrase polypep 
tides described herein can also have an amino acid sequence 
that has one or more amino acid differences as compared to a 
wild-type carbonic anhydrase or an engineered carbonic 
anhydrase that result in an improved property of the enzyme. 
Exemplary recombinant or engineered carbonic anhydrase 
polypeptides having an improved enzyme property can com 
prise an amino acid sequence selected from the polypeptide 
amino acid sequences Summarized in Tables 2A, 2B, 2C, 2D, 
2E. 2F, 2G, 2H, 2I, and 2.J. and disclosed in the accompanying 
Sequence Listing, specifically any one or more of the 
polypeptide amino acid sequences selected from the group 
consisting of the even-numbered sequence identifiers of SEQ 
ID NO: 4-1286. 

Improvements of the chemically modified carbonic anhy 
drase polypeptides associated with the chemical modification 
by treatment with a cross-linking agent as disclosed herein 
can include increased carbonic anhydrase activity, and/or 
increased solvent or thermal stability of the carbonic anhy 
drase in the presence of compounds that mediate the absorp 
tion or sequestration of carbon dioxide, including, for 
example, ammonia, carbonate ions, or amine compounds 
(e.g., monoethanolamine (MEA), methyldiethanolamine 
(MDEA), 2-aminomethylpropanolamine (AMP), 2-(2-ami 
noethylamino)ethanol (AEE), triethanolamine (TEA), 
2-amino-2-hydroxymethyl-1,3-propanediol (AHPD), pip 
erazine, piperidine, mono- and diethanolamine). Accord 
ingly, in some embodiments, the chemically modified car 
bonic anhydrase polypeptides, compositions and 
formulations comprising them, and methods of using them 
are characterized by at least 1.5-fold, at least 2-fold, at least 
4-fold, or at least 5-fold increased carbonic anhydrase activity 
relative to the carbonic anhydrase polypeptide when it is not 
chemically modified, for example, when the activity is mea 
sured in 4.2 M MDEA at 50° C., or is measured in 2 M 
ammonia at 20° C. In some embodiments, the chemically 
modified carbonic anhydrase polypeptides (and composi 
tions and formulations comprising them) are characterized by 
at least 1.5-fold, at least 2-fold, at least 4-fold, or at least 
5-fold increased stability relative to the carbonic anhydrase 
polypeptide when it is not chemically modified, for example, 
when the stability is measured as residual carbonic anhydrase 
activity following 24 hours exposure to 4.2 MMDEA at 75° 
C. 
The present disclosure also provides methods for preparing 

the chemically modified carbonic anhydrase polypeptides 
having improved properties relative to unmodified carbonic 
anhydrase polypeptides. In some embodiments of the method 
for preparing the chemically modified carbonic anhydrase 
polypeptides, the method comprising contacting in a solu 
tion: (i) a carbonic anhydrase polypeptide, wherein the 
polypeptide comprises an amino acid sequence having at 
least 80% identity to SEQID NO:2; and (ii) a cross-linking 
agent selected from the group consisting of a dialdehyde, a 
bis-imidate ester, a bis(N-hydroxysuccinimide) ester, a diacid 
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6 
chloride, and mixtures thereof. The various cross-linking 
agents provided used in the method of preparing can include 
any one of the cross-linking agents: malondialdehyde, glut 
araldehyde, dimethyl suberimidate, dimethyl pimelimidate, 
suberic acid bis(N-hydroxysuccinimide), or mixtures 
thereof. In embodiments of the method for preparing, the 
cross-linking agent is at a concentration of from about 0.05% 
to about 10%, from about 0.1% to about 5%, or from about 
0.25% to about 2.5%, or at least about 0.05%, at least about 
0.1%, at least about 0.25%, at least about 0.5%, at least about 
1%, at least about 2%, or at least about 2.5%. In some embodi 
ments of the method for preparing, the solution has a concen 
tration of carbonic anhydrase polypeptide of from about 1 g/L 
to about 150 g/L, from about 10 g/L to about 100 g/L, from 
about 25 g/L to about 100 g/L, or at least about 1 g/L, at least 
about 5g/L, at least about 10 g/L, at least about 25g/L, at least 
about 50 g/L, at least about 75 g/L, or at least about 100 g/L. 

7. BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts plots of normalized carbonic anhydrase 
activity, kic (s) for a 1 g/L solution of a recombinant 
B-class carbonic anhydrase polypeptide of SEQID NO: 1152 
that has been chemically modified by treatment with 0.25% 
glutaraldehyde (“GA modified CA) and the same recombi 
nant carbonic anhydrase polypeptide at 1 g/L that has not 
been chemically modified (“Unmod. CA), both versus days 
of challenge by incubation in assay solution at 75° C. Assay 
was carried out in 4.2 MMDEA solution, unloaded with CO 
at 50° C. 

8. DETAILED DESCRIPTION 

The present disclosure is directed to carbonic anhydrase 
polypeptides that are chemically modified by treatment with 
a cross-linking agent and that have improved properties, par 
ticularly improved carbonic anhydrase activity and/or stabil 
ity as compared to the same carbonic anhydrase polypeptides 
that have not been chemically modified. The present disclo 
Sure also is directed to soluble compositions comprising these 
chemically modified carbonic anhydrase polypeptides, and 
homogenous liquid formulations of these chemically modi 
fied carbonic anhydrase polypeptides and CO2 absorption 
mediating compounds. The present disclosure provides the 
chemically modified polypeptides, and methods of preparing 
these chemically modified polypeptides (and associated com 
positions and formulations) by treatment of unmodified natu 
rally occurring C-class, f-class, Y-class, or S-class carbonic 
anhydrase polypeptides, or recombinant carbonic anhydrase 
polypeptides derived therefrom (which can include amino 
acid differences relative to a wild-type sequence) with any of 
a variety of cross-linking agents (e.g., malondialdehyde, glu 
taraldehyde, dimethyl suberimidate, dimethyl pimelimidate, 
suberic acid bis(N-hydroxysuccinimide)). 
The present disclosure also provides methods for using 

Such chemically modified carbonic anhydrase polypeptides, 
compositions, and formulations, in processes for the capture 
and sequestration of carbon dioxide e.g., generated by com 
bustion of fossil fuel. The methods disclosed include the use 
of the chemically modified carbonic anhydrase polypeptides 
in combination with various CO absorption mediating com 
pounds (including amines, ammonia, carbonate ions), and 
under various reaction conditions including conditions com 
prising high concentrations of the CO2 absorption mediating 
compounds including amines, ammonia, carbonate ions, and/ 
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or temperatures that are significantly increased or decreased 
relative to ambient temperatures. 

8.1. Definitions 

The technical and Scientific terms used in the descriptions 
herein will have the meanings commonly understood by one 
of ordinary skill in the art, unless specifically defined other 
wise. Accordingly, the following terms are intended to have 
the following meanings. 

“Carbonic anhydrase' and “CA are used interchangeably 
herein to refer to a polypeptide having an enzymatic capabil 
ity of carrying out the reactions depicted in Scheme 1. Car 
bonic anhydrase as used herein include naturally occurring 
(wild-type) carbonic anhydrases as well as non-naturally 
occurring, engineered, or recombinant carbonic anhydrase 
polypeptides generated by human manipulation. 

“Protein', 'polypeptide.” and "peptide' are used inter 
changeably herein to denote a polymer of at least two amino 
acids covalently linked by an amide bond, regardless of 
length or post-translational modification (e.g., glycosylation, 
phosphorylation, lipidation, myristilation, ubiquitination, 
etc.). Included within this definition are D- and L-amino 
acids, and mixtures of D- and L-amino acids. 

“Naturally occurring or “wild-type' refers to the form 
found in nature. For example, a naturally occurring or wild 
type polypeptide or polynucleotide sequence is a sequence 
present in an organism that can be isolated from a source in 
nature and which has not been intentionally modified by 
human manipulation. 

“Recombinant’ or “engineered” or “non-naturally occur 
ring” when used with reference to, e.g., a cell, nucleic acid, or 
polypeptide, refers to a material, or a material corresponding 
to the natural or native form of the material, that has been 
modified in a manner that would not otherwise exist in nature, 
or is identical thereto but produced or derived from synthetic 
materials and/or by manipulation using recombinant tech 
niques. Non-limiting examples include, among others, 
recombinant cells expressing genes that are not found within 
the native (non-recombinant) form of the cell or express 
native genes that are otherwise expressed at a different level. 

“Percentage of sequence identity.” “percent identity,” and 
"percent identical are used herein to refer to comparisons 
between polynucleotide sequences or polypeptide sequences, 
and are determined by comparing two optimally aligned 
sequences over a comparison window, wherein the portion of 
the polynucleotide or polypeptide sequence in the compari 
son window may comprise additions or deletions (i.e., gaps) 
as compared to the reference sequence for optimal alignment 
of the two sequences. The percentage is calculated by deter 
mining the number of positions at which either the identical 
nucleic acid base or amino acid residue occurs in both 
sequences or a nucleic acid base or amino acid residue is 
aligned with a gap to yield the number of matched positions, 
dividing the number of matched positions by the total number 
of positions in the window of comparison and multiplying the 
result by 100 to yield the percentage of sequence identity. 
Determination of optimal alignment and percent sequence 
identity is performed using the BLAST and BLAST 2.0 algo 
rithms (see e.g., Altschul et al., 1990, J. Mol. Biol. 215: 
403-410 and Altschulet al., 1977, Nucleic Acids Res. 3389 
3402). Software for performing BLAST analyses is publicly 
available through the National Center for Biotechnology 
Information website. 

Briefly, the BLAST analyses involve first identifying high 
scoring sequence pairs (HSPs) by identifying short words of 
length W in the query sequence, which either match or satisfy 
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8 
some positive-valued threshold score T when aligned with a 
word of the same length in a database sequence. T is referred 
to as, the neighborhood word score threshold (Altschuletal, 
supra). These initial neighborhood word hits act as seeds for 
initiating searches to find longer HSPs containing them. The 
word hits are then extended in both directions along each 
sequence for as far as the cumulative alignment score can be 
increased. Cumulative scores are calculated using, for nucle 
otide sequences, the parameters M (reward score for a pair of 
matching residues; always >0) and N (penalty score for mis 
matching residues; always <0). For amino acid sequences, a 
scoring matrix is used to calculate the cumulative score. 
Extension of the word hits in each direction are halted when: 
the cumulative alignment score falls off by the quantity X 
from its maximum achieved value; the cumulative score goes 
to zero or below, due to the accumulation of one or more 
negative-scoring residue alignments; or the end of either 
sequence is reached. The BLAST algorithm parameters W.T. 
and X determine the sensitivity and speed of the alignment. 
The BLASTN program (for nucleotide sequences) uses as 
defaults a wordlength (W) of 11, an expectation (E) of 10, 
M=5, N=-4, and a comparison of both strands. For amino 
acid sequences, the BLASTP program uses as defaults a 
wordlength (W) of 3, an expectation (E) of 10, and the BLO 
SUM62 scoring matrix (see Henikoff and Henikoff, 1989, 
Proc Natl AcadSci USA 89:10915). 
Numerous other algorithms are available that function 

similarly to BLAST in providing percent identity for two 
sequences. Optimal alignment of sequences for comparison 
can be conducted, e.g., by the local homology algorithm of 
Smith and Waterman, 1981, Adv. Appl. Math. 2:482, by the 
homology alignment algorithm of Needleman and Wunsch, 
1970, J. Mol. Biol. 48:443, by the search for similarity 
method of Pearson and Lipman, 1988, Proc. Natl. Acad. Sci. 
USA 85:2444, by computerized implementations of these 
algorithms (GAP, BESTFIT. FASTA, and TFASTA in the 
GCG Wisconsin Software Package), or by visual inspection 
(see generally, Current Protocols in Molecular Biology, F. M. 
Ausubel et al., eds. Current Protocols, a joint venture 
between Greene Publishing Associates, Inc. and John 
Wiley & Sons, Inc., (1995 Supplement) (Ausubel)). Addi 
tionally, determination of sequence alignment and percent 
sequence identity can employ the BESTFIT or GAP pro 
grams in the GCG Wisconsin Software package (AccelryS, 
Madison Wis.), using default parameters provided. 

“Reference sequence” refers to a defined sequence to 
which another sequence is compared. A reference sequence is 
not limited to wild-type sequences, and can include engi 
neered or altered sequences. For example, a reference 
sequence can be a previously engineered or altered amino 
acid sequence. A reference sequence also may be a Subset of 
a larger sequence, for example, a segment of a full-length 
gene or polypeptide sequence. Generally, a reference 
sequence is at least 20 nucleotide or amino acid residues in 
length, at least 25 residues in length, at least 50 residues in 
length, or the full length of the nucleic acid or polypeptide. 
Since two polynucleotides or polypeptides may each (1) com 
prise a sequence (i.e., a portion of the complete sequence) that 
is similar between the two sequences, and (2) may further 
comprise a sequence that is divergent between the two 
sequences, sequence comparisons between two (or more) 
polynucleotides or polypeptide are typically performed by 
comparing sequences of the two polynucleotides over a com 
parison window to identify and compare local regions of 
sequence similarity. 
“Comparison window' refers to a conceptual segment of at 

least about 20 contiguous nucleotidepositions oramino acids 



US 8,569,031 B2 
9 

residues wherein a sequence may be compared to a reference 
sequence of at least 20 contiguous nucleotides oramino acids 
and wherein the portion of the sequence in the comparison 
window may comprise additions or deletions (i.e., gaps) of 20 
percent or less as compared to the reference sequence (which 
does not comprise additions or deletions) for optimal align 
ment of the two sequences. The comparison window can be 
longer than 20 contiguous residues, and includes, optionally 
30, 40, 50, 100, or longer windows. 

“Corresponding to”, “reference to” or “relative to when 
used in the context of the numbering of a given amino acid or 
polynucleotide sequence refers to the numbering of the resi 
dues of a specified reference sequence when the given amino 
acid or polynucleotide sequence is compared to the reference 
sequence. In other words, the residue number or residue posi 
tion of a given polymer is designated with respect to the 
reference sequence rather than by the actual numerical posi 
tion of the residue within the given amino acid or polynucle 
otide sequence. For example, a given amino acid sequence, 
Such as that of an engineered carbonic anhydrase, can be 
aligned to a reference sequence by introducing gaps to opti 
mize residue matches between the two sequences. In these 
cases, although the gaps are present, the numbering of the 
residue in the given amino acid or polynucleotide sequence is 
made with respect to the reference sequence to which it has 
been aligned. 

“Different from or “differs from with respect to a desig 
nated reference sequence refers to difference of a given amino 
acid or polynucleotide sequence when aligned to the refer 
ence sequence. Generally, the differences can be determined 
when the two sequences are optimally aligned. Differences 
include insertions, deletions, or substitutions of amino acid 
residues in comparison to the reference sequence. 

“Derived from as used herein in the context of engineered 
carbonic anhydrase enzymes, identifies the originating car 
bonic anhydrase enzyme, and/or the gene encoding such car 
bonic anhydrase enzyme, upon which the engineering was 
based. 

“Amino acid residue' or "amino acid' or “residue” as used 
herein refers to the specific monomer at a sequence position 
of a polypeptide (e.g., D7 indicates that the “amino acid' or 
“residue' at position 7 of SEQID NO: 2 is an aspartic acid 
(D).) 
“Amino acid difference' or “residue difference” refers to a 

change in the amino acid residue at a position of a polypeptide 
sequence relative to the amino acid residue at a corresponding 
position in a reference sequence. The positions of amino acid 
differences generally are referred to herein as “Xn,” where n 
refers to the corresponding position in the reference sequence 
upon which the residue difference is based. For example, a 
“residue difference at position X3 as compared to SEQ ID 
NO: 2 refers to a change of the amino acid residue at the 
polypeptide position corresponding to position 3 of SEQID 
NO:2. Thus, if the reference polypeptide of SEQID NO: 2 has 
a glutamine at position 3, then a “residue difference at posi 
tion X3 as compared to SEQ ID NO:2 an amino acid sub 
stitution of any residue other than glutamine at the position of 
the polypeptide corresponding to position 3 of SEQID NO: 2. 
In most instances herein, the specific amino acid residue 
difference at a position is indicated as 'XinY” where Xn' 
specifies the corresponding position as described above, and 
“Y” is the single letter identifier of the amino acid found in the 
engineered polypeptide (i.e., the different residue than in the 
reference polypeptide). In some instances, the present disclo 
Sure also provides specific amino acid differences denoted by 
the conventional notation “AnB', where A is the single letter 
identifier of the residue in the reference sequence, “n” is the 
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10 
number of the residue position in the reference sequence, and 
B is the single letter identifier of the residue substitution in the 
sequence of the engineered polypeptide. For example, “D7S' 
would refer to the substitution of the amino acid residue, 
aspartic acid (D) at position 7 of reference sequence with the 
amino acid serine (S). In some instances, a polypeptide of the 
present disclosure can include one or more amino acid resi 
due differences relative to a reference sequence, which is 
indicated by a list of the specified positions where changes are 
made relative to the reference sequence. The present disclo 
Sure includes engineered polypeptide sequences comprising 
one or more amino acid differences that include eitherfor both 
conservative and non-conservative amino acid Substitutions. 

“Conservative amino acid substitution” refers to a substi 
tution of a residue with a different residue having a similar 
side chain, and thus typically involves substitution of the 
amino acid in the polypeptide with amino acids within the 
same or similar defined class of amino acids. By way of 
example and not limitation, an amino acid with an aliphatic 
side chain may be substituted with another aliphatic amino 
acid, e.g., alanine, Valine, leucine, and isoleucine; an amino 
acid with hydroxyl side chain is substituted with another 
amino acid with a hydroxyl side chain, e.g., serine and threo 
nine; an amino acids having aromatic side chains is Substi 
tuted with anotheramino acid having an aromatic side chain, 
e.g., phenylalanine, tyrosine, tryptophan, and histidine; an 
amino acid with a basic side chain is substituted with another 
amino acid with a basis side chain, e.g., lysine and arginine; 
an amino acid with an acidic side chain is substituted with 
another amino acid with an acidic side chain, e.g., aspartic 
acid or glutamic acid; and a hydrophobic or hydrophilic 
amino acid is replaced with another hydrophobic or hydro 
philic amino acid, respectively. Exemplary conservative Sub 
stitutions are provided in Table 1. 

TABLE 1 

Residue Possible Conservative Substitutions 

A, L, V, I Other aliphatic (A, L, V, I) 
Other non-polar (A, L, V, I, G, M) 

G, M Other non-polar (A, L, V, I, G, M) 
D, E Other acidic (D, E) 
K, R Other basic (K, R) 
N, Q, S, T Other polar 
H,Y, W, F Other aromatic (H,Y, W, F) 
C, P None 

"Non-conservative substitution” refers to substitution of an 
amino acid in the polypeptide with an amino acid with sig 
nificantly differing side chain properties. Non-conservative 
Substitutions may use amino acids between, rather than 
within, the defined groups and affects (a) the structure of the 
peptide backbone in the area of the Substitution (e.g., proline 
for glycine) (b) the charge or hydrophobicity, or (c) the bulk 
of the side chain. By way of example and not limitation, an 
exemplary non-conservative Substitution can be an acidic 
amino acid Substituted with a basic oraliphatic amino acid; an 
aromatic amino acid substituted with a small amino acid; and 
a hydrophilic amino acid substituted with a hydrophobic 
amino acid. 

“Deletion” refers to modification of the polypeptide by 
removal of one or more amino acids from the reference 
polypeptide. Deletions can comprise removal of 1 or more 
amino acids, 2 or more amino acids, 5 or more amino acids, 10 
or more amino acids, 15 or more amino acids, or 20 or more 
amino acids, up to 10% of the total number of amino acids, or 
up to 20% of the total number of amino acids making up the 
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polypeptide while retaining enzymatic activity and/or retain 
ing the improved properties of an engineered carbonic anhy 
drase enzyme. Deletions can be directed to the internal por 
tions and/or terminal portions of the polypeptide. In various 
embodiments, the deletion can comprise a continuous seg 
ment or can be discontinuous. 

“Insertion” refers to modification of the polypeptide by 
addition of one or more amino acids to the reference polypep 
tide. In some embodiments, the improved engineered car 
bonic anhydrase enzymes comprise insertions of one or more 
amino acids to the naturally occurring carbonic anhydrase 
polypeptide as well as insertions of one or more amino acids 
to other improved carbonic anhydrase polypeptides. Inser 
tions can be in the internal portions of the polypeptide, or to 
the carboxy or amino terminus Insertions as used herein 
include fusion proteins as is known in the art. The insertion 
can be a contiguous segment of amino acids or separated by 
one or more of the amino acids in the naturally occurring 
polypeptide. 

“Fragment” as used herein refers to a polypeptide that has 
an amino-terminal and/or carboxy-terminal deletion, but 
where the remaining amino acid sequence is identical to the 
corresponding positions in the sequence. Fragments can typi 
cally have about 80%, 90%, 95%, 98%, and 99% of the 
full-length carbonic anhydrase polypeptide, for example the 
polypeptide of SEQID NO:2. The amino acid sequences of 
the specific recombinant carbonic anhydrase polypeptides 
included in the Sequence Listing of the present disclosure 
include an initiating methionine (M) residue (i.e., M repre 
sents residue position 1). The skilled artisan, however, under 
stands that this initiating methionine residue can be removed 
by biological processing machinery, such as in a host cell or 
in vitro translation system, to generate a mature protein lack 
ing the initiating methionine residue, but otherwise retaining 
the enzyme’s properties. Consequently, the term "amino acid 
residue difference relative to SEQIDNO: 2 at position Xin'as 
used herein may refer to position “Xn' or to the correspond 
ing position (e.g., position (X-1)n) in a reference sequence 
that has been processed so as to lack the starting methionine. 

“Improved enzyme property” or “improved property” as 
used herein refers to a functional characteristic of an enzyme 
that is improved relative to the same functional characteristic 
of a reference enzyme. Improved enzyme properties of the 
engineered carbonic anhydrase polypeptides disclosed herein 
can include but are not limited to: increased thermostability, 
increased solvent stability, increased pH stability, altered pH 
activity profile, increased activity (including increased rate 
conversion of Substrate to product, or increased percentage 
conversion in a period of time), increased and/or altered Ste 
reoselectivity, altered substrate specificity and/or preference, 
decreased substrate, product, and side-product inhibition 
(e.g., CO, carbonate, bicarbonate, carbamate, or solvent 
adducts thereof), decreased inhibition by a component of the 
feedstock (e.g. exhaust, flue gas components such as NO, and 
SO, compounds, etc.), decreased side-product or impurity 
production, altered cofactor preference, increased expres 
Sion, increased secretion, as well as increased stability and/or 
activity in the presence of additional compounds reagents 
useful for absorption or sequestration of carbon dioxide, 
including, for example, amine solvents such as monoethano 
lamine, methyldiethanolamine, and 2-aminomethylpropano 
lamine. 

"Stability in the presence of as used in the context of 
improved enzyme properties disclosed herein refers to stabil 
ity of the enzyme measured during or after exposure of the 
enzyme to certain compounds/reagents/ions (e.g., amine 
compound, ammonia, and/or carbonate ions) in the same 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
Solution with the enzyme. It is intended to encompass chal 
lenge assays of stability where the enzyme is first exposed to 
the amine compound or ammonia for some period of time 
then assayed in a solution under different conditions. 

“Solution” as used herein refers to any medium, phase, or 
mixture of phases, in which the carbonic anhydrase polypep 
tide is active. It is intended to include purely liquid phase 
Solutions (e.g., aqueous, or aqueous mixtures with co-sol 
vents, including emulsions and separated liquid phases), as 
well as slurries and other forms of Solutions having mixed 
liquid-Solid phases. 
“Homogenous liquid Solution' as used herein refers to a 

formulation that is uniformly liquid (e.g., a liquid that does 
not include a Suspended Solid phase). 

“Soluble composition” as used herein refers to a composi 
tion capable of dissolving to form a homogenous liquid solu 
tion in an aqueous solvent. 

“Thermostability” refers to the functional characteristic of 
retaining activity (e.g., more than 60% to 80%) in the pres 
ence of, or after exposure to for a period of time (e.g. 0.5-24 
hrs), elevated temperatures (e.g. 30-100°C.) compared to the 
activity of an untreated enzyme. 

“Solvent stability” refers to the functional characteristic of 
retaining activity (e.g., more than 60% to 80%) in the pres 
ence of, or after exposure to for a period of time (e.g. 0.5-24 
hrs), increased concentrations (e.g., 5-99%) of solvent com 
pared to the activity of an untreated enzyme. 
“pH stability” refers to the functional characteristic of 

retaining activity (e.g., more than 60% to 80%) in the pres 
ence of, or after exposure to for a period of time (e.g. 0.5-24 
hrs), conditions of high or low pH (e.g., pH9 to 12) compared 
to the activity of an untreated enzyme. 

“Increased enzymatic activity” or “increased activity” 
refers to an improved property of the engineered enzyme 
(e.g., carbonic anhydrase), which can be represented by an 
increase in specific activity (e.g., product produced/time/ 
weight protein) or an increase in percent conversion of the 
Substrate to the product (e.g., percent conversion of carbon 
dioxide to bicarbonate and/or carbonate in a specified time 
period using a specified amount of carbonic anhydrase) as 
compared to a reference enzyme under Suitable reaction con 
ditions. Exemplary methods to determine enzyme activity are 
provided in the Examples. Any property relating to enzyme 
activity may be affected, including the classical enzyme prop 
erties of K. V, or k, changes of which can lead to 
increased enzymatic activity. Improvements in enzyme activ 
ity can be from about 1.1-times the enzymatic activity of the 
corresponding wild-type carbonic anhydrase enzyme, to as 
much as 1.2-times, 1.5-times, 2-times, 3-times, 4-times, 
5-times, 6-times, 7-times, or more than 8-times the enzymatic 
activity than the naturally occurring parent carbonic anhy 
drase. It is understood by the skilled artisan that the activity of 
any enzyme is diffusion limited Such that the catalytic turn 
over rate cannot exceed the diffusion rate of the substrate, 
including any required cofactors. The theoretical maximum 
of the diffusion limit, or k/K, is generally about 10 to 10 
(M's'). Hence, any improvements in the enzyme activity of 
the carbonic anhydrase will have an upper limit related to the 
diffusion rate of the substrates acted on by the carbonic anhy 
drase enzyme. Carbonic anhydrase activity can be measured 
by any one of Standard assays used for measuring carbonic 
anhydrase, e.g., as provided in the Examples. Comparisons of 
enzyme activities are made, e.g., using a defined preparation 
of enzyme, a defined assay under a set of conditions, as 
further described in detail herein. Generally, when lysates are 
compared, the numbers of cells and the amount of protein 
assayed are determined as well as use of identical expression 
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systems and identical host cells to minimize variations in 
amount of enzyme produced by the host cells and present in 
the lysates. 

“Conversion” refers to the enzymatic conversion of the 
substrate to the corresponding product. “Percent conversion” 
refers to the percent of the substrate that is reduced to the 
product within a period of time under specified conditions. 
Thus, the “enzymatic activity” or “activity” of a carbonic 
anhydrase polypeptide can be expressed as "percent conver 
sion of the substrate to the product. 

“Isolated polypeptide' refers to a polypeptide which is 
Substantially separated from other contaminants that natu 
rally accompany it, e.g., protein, lipids, and polynucleotides. 
The term embraces polypeptides which have been removed or 
purified from their naturally-occurring environment or 
expression system (e.g., host cell or in vitro synthesis). The 
improved carbonic anhydrase enzymes may be present within 
a cell, present in the cellular medium, or prepared in various 
forms, such as lysates or isolated preparations. As such, in 
Some embodiments, the improved carbonic anhydrase 
enzyme can be an isolated polypeptide. 

“Substantially pure polypeptide refers to a composition in 
which the polypeptide species is the predominant species 
present (i.e., on a molar or weight basis it is more abundant 
than any other individual macromolecular species in the com 
position), and is generally a Substantially purified composi 
tion when the object species comprises at least about 50 
percent of the macromolecular species present by mole or % 
weight. Generally, a Substantially pure carbonic anhydrase 
composition will comprise about 60% or more, about 70% or 
more, about 80% or more, about 90% or more, about 95% or 
more, and about 98% or more of all macromolecular species 
by mole or % weight present in the composition. In some 
embodiments, the object species is purified to essential homo 
geneity (i.e., contaminant species cannot be detected in the 
composition by conventional detection methods) wherein the 
composition consists essentially of a single macromolecular 
species. Solvent species, small molecules (<500 Daltons), 
and elementalion species are not considered macromolecular 
species. In some embodiments, the isolated improved car 
bonic anhydrase polypeptide is a Substantially pure polypep 
tide composition. 

"Coding sequence” refers to that portion of a polynucle 
otide that encodes an amino acid sequence of a protein (e.g., 
a gene). 

“Heterologous' polynucleotide refers to any polynucle 
otide that is introduced into a host cell by laboratory tech 
niques, and includes polynucleotides that are removed from a 
host cell. Subjected to laboratory manipulation, and then rein 
troduced into a host cell. 

“Codon optimized’ refers to changes in the codons of the 
polynucleotide encoding a protein to those preferentially 
used in a particular organism Such that the encoded protein is 
efficiently expressed in the organism of interest. In some 
embodiments, the polynucleotides encoding the carbonic 
anhydrase enzymes may be codon optimized for optimal 
production from the host organism selected for expression. 

“Control sequence' is defined herein to include all com 
ponents, which are necessary or advantageous for the expres 
sion of a polynucleotide and/or polypeptide of the present 
disclosure. Each control sequence may be native or foreign to 
the polynucleotide of interest. Such control sequences 
include, but are not limited to, a leader, polyadenylation 
sequence, propeptide sequence, promoter, signal peptide 
sequence, and transcription terminator. 

“Operably linked' is defined herein as a configuration in 
which a control sequence is appropriately placed (i.e., in a 
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functional relationship) at a position relative to a polynucle 
otide of interest Such that the control sequence directs or 
regulates the expression of the polynucleotide and/or 
polypeptide of interest. 

“Cross-linking agent as used herein refers to a compound 
or a mixture of compounds that causes or forms covalent or 
ionic bonds linking amino acid residues of one or more 
polypeptide molecules. 

“Chemically modified polypeptide' as used herein in the 
context of “chemically modified carbonic anhydrase 
polypeptide' refers to a polypeptide molecule having one or 
more amino acid residues which have formed covalent or 
ionic bonds with a compound (e.g., a cross-linking agent Such 
as glutaraldehyde). 
“CO absorption mediating compound as used herein 

refers to a compound that increases the ability (e.g., kinetic 
and/or thermodynamic) of a solution in which it is present to 
absorb CO gas. CO absorption mediating compounds can 
include ammonia, carbonate salts, amino acids, and amine 
compounds, including but not limited to: 2-(2-aminoethy 
lamino)ethanol (AEE), 2-amino-2-hydroxymethyl-1,3-pro 
panediol (AHPD), 2-amino-2-methyl-1-propanol (AMP), 
diethanolamine (DEA), diisopropanolamine (DIPA), N-hy 
droxyethylpiperazine (HEP), N-methyldiethanolamine 
(MDEA), monoethanolamine (MEA), N-methylpiperazine 
(MP), piperazine, piperidine, 2-(2-tert-butylaminoethoxy) 
ethanol (TBEE), triethanolamine (TEA), triisopropanola 
mine (TIA), tris, 2-(2-aminoethoxy)ethanol, 2-(2-tert-buty 
laminopropoxy)ethanol, 2-(2-tert-amylaminoethoxy) 
ethanol. 2-(2-isopropylaminopropoxy)ethanol, and 2-(2-(1- 
methyl-1-ethylpropylamino)ethoxy)ethanol. 

8.2. Chemically Modified Carbonic Anhydrase 
Polypeptides 

The present disclosure provides carbonic anhydrase 
polypeptides that are chemically modified by treatment with 
a cross-linking agent. The disclosure also provides soluble 
compositions and homogenous liquid formulations compris 
ing these chemically modified carbonic anhydrase polypep 
tides. These chemically modified carbonic anhydrases are not 
cross-linked or otherwise attached to a solid phase. The 
soluble compositions comprising them are soluble in aqueous 
Solvent, forming a homogenous liquid solution. For example, 
in one embodiment, the present disclosure provides a soluble 
composition having carbonic anhydrase activity comprising a 
carbonic anhydrase polypeptide chemically modified by 
treatment with a cross-linking agent, wherein the polypeptide 
amino acid sequence has at least 80% identity to SEQ ID 
NO:2. Similarly, the present disclosure provides formulations 
comprising the chemically modified carbonic anhydrases, 
together with a CO absorption mediating compound, and an 
aqueous solvent. These formulations are also homogenous 
liquid solutions. For example, these homogenous liquid for 
mulations can comprise an aqueous Solution of the soluble 
composition of any of the chemically modified carbonic 
anhydrase polypeptides disclosed herein and a CO2 absorp 
tion mediating compound selected from ammonia, an amine 
compound, or carbonate ion. 
A Surprising advantage of these soluble compositions and 

homogenous liquid formulations comprising chemically 
modified carbonic anhydrases is that they have increased 
stability and/or increased carbonic anhydrase activity (e.g., at 
least 1.5-fold, at least 2-fold, at least 4-fold, or even at least 
5-fold increased) under process relevant carbon capture con 
ditions (e.g., high temperature and the presence of high con 
centrations of CO absorption mediating compounds) relative 
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to the same carbonic anhydrase that is not chemically modi 
fied. Accordingly, the chemically modified carbonic anhy 
drases of the present disclosure (and their soluble composi 
tions and homogenous liquid formulations) are capable of 
improved acceleration of the absorption of carbon dioxide 
from a gas stream into a solution comprising a CO absorp 
tion mediating compound (e.g., amines, ammonia, carbonate 
ion, amino acid) under Suitable conditions useful for various 
carbon capture processes (e.g., flue-gas Scrubbers) relative to 
the acceleration of the same carbonic anhydrase that is not 
chemically modified. Thus, in various embodiments the 
present disclosure provides chemically modified carbonic 
anhydrase polypeptides, and compositions and formulations 
comprising them, that are capable of catalyzing the hydration 
of carbon dioxide to bicarbonate or the reverse dehydration of 
bicarbonate to carbon dioxide with increased activity relative 
to the same carbonic anhydrases that are not chemically 
modified (and other known naturally occurring carbonic 
anhydrases) after exposure to high concentrations of CO 
absorption mediating compound and/or thermal (e.g., T40 
C.). For example, in some embodiments, the chemically 
modified carbonic anhydrases have carbonic anhydrase activ 
ity in 4.2 MMDEA at 50° C. that is increased (e.g., at least 
1.5-fold, at least 2-fold, at least 4-fold, or even at least 5-fold 
increased) relative to the activity of the same carbonic anhy 
drase polypeptide that is not chemically modified (i.e., 
unmodified). Similarly, in some embodiments, the chemi 
cally modified carbonic anhydrase is characterized by stabil 
ity in 4.2 MMDEA at 75° C. that is increased (e.g., at least 
1.5-fold, at least 2-fold, at least 4-fold, or even at least 5-fold 
increased) relative to the carbonic anhydrase polypeptide 
when it is not chemically modified. 

In some embodiments the present disclosure provides a 
soluble composition comprising a carbonic anhydrase 
polypeptide chemically modified by treatment with a cross 
linking agent. In some embodiments of the soluble composi 
tion, the carbonic anhydrase polypeptide is a naturally occur 
ring carbonic anhydrase selected from an O-class, Y-class, 
f-class, or S-class carbonic anhydrase, or a recombinant (or 
engineered) carbonic anhydrase derived from a naturally 
occurring C-class, Y-class, B-class, or S-class carbonic anhy 
drase. Carbonic anhydrase polypeptides, particularly engi 
neered B-class carbonic anhydrase polypeptides, useful for 
chemical modification are described in greater detail below. 
A wide-range of compounds useful for cross-linking pro 

teins, particularly enzymes, are well-known in the art (see 
e.g., U.S. Pat. No. 4,101,380, which is hereby incorporated by 
reference herein) and commercially available (see e.g., cata 
log of “crosslinking reagents’ available from Thermo Scien 
tific, USA at www.piercenet.com). In some embodiments of 
the Soluble composition, the cross-linking agent is selected 
from the group consisting of a dialdehyde, a bis-imidate ester, 
a bis(N-hydroxysuccinimide) ester, a diacid chloride, and 
mixtures thereof. In some embodiments, the specific cross 
linking agent is selected from the group consisting of malon 
dialdehyde, glutaraldehyde, dimethyl suberimidate, dimethyl 
pimelimidate, Suberic acid bis(N-hydroxySuccinimide), and 
mixtures thereof. 

In some embodiments of the soluble composition, the 
cross-linking agent is a dialdehyde optionally having one or 
more carbon atoms between the two aldehyde groups, for 
example wherein the dialdehyde is selected from the group 
consisting of glyoxal. Succindialdehyde, malondialdehyde, 
glutaraldehyde, and mixtures thereof. In addition, the two 
dialdehyde groups can be linked by a polyethylene glycol 
group of varying lengths. In a particular embodiment, the 
cross-linking agent is glutaraldehyde. 
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In some embodiments of the soluble composition, the 

cross-linking agent is a bis-imidate ester, and in particular 
embodiments, a bis-imidate ester optionally having one or 
more carbon atoms between the two imidate ester groups. 
Useful imidate esters include bis-imidate esters optionally 
having one or more carbon atoms between the two imidate 
ester groups, including but not limited to: imidate esters (such 
as methyl or ethyl) of oxalimidate, malonimidate. Succinimi 
date, glutarimidate, adipimidate, pimelimidate, and Suber 
imidate. In addition, the two dialdehyde groups can be linked 
by a polyethylene glycol group of varying lengths. 
The cross-linking of proteins using diacid chlorides is 

known in the art (see e.g., U.S. Pat. No. 4,101.380), and in 
Some embodiments of the soluble composition, the cross 
linking agent is a diacid chloride. Diacid chlorides useful in 
the chemically modified carbonic anhydrase polypeptides of 
the disclosure include those having structures analogous to 
the dialdehydes described herein. Accordingly, in some 
embodiments, the diacid chloride cross-linking agent can 
optionally having one or more carbonatoms between the two 
acyl chloride groups, and include, but are not limited to, 
diacid chloride compounds such as adipoyl chloride. In addi 
tion, the two acyl chloride groups can be linked by a polyeth 
ylene glycol group of varying lengths. 
As shown in the Examples, carbonic anhydrase polypep 

tides modified with imidate esters may undergo a reversible 
cleavage reaction, whereby over time, the polypeptide loses 
the imidate ester chemical modification (i.e., modification 
undergoes an equilibrium cleavage reaction), and the 
improved activity and/or stability associated with it. Accord 
ingly, in Some embodiments of the soluble composition, the 
cross-linking agent is a bis(N-hydroxysuccinimide) ester of a 
di-carboxylic acid that forms an irreversible chemical modi 
fication of the polypeptide. Useful bis(N-hydroxysuccinim 
ide) esters include those prepared from a di-carboxylic acid 
selected from the group consisting of oxalate, malonate, Suc 
cinate, glutarate, adipate, pimelate, Suberate, and mixtures 
thereof. Accordingly, in particular embodiments of the 
soluble composition, the cross-linking agent is a bis(N-hy 
droxysuccinimide) ester of a di-carboxylic acid selected from 
the group consisting of oxalate, malonate. Succinate, glut 
arate, adipate, pimelate, Suberate, and mixtures thereof. In 
addition, the two ester groups can be linked by a polyethylene 
glycol group of various length. Also, bis(N-hydroxysulfos 
uccinimide) esters of di-carboxylic as described above can be 
used. These have the advantage of being more water soluble 
than their bis(N-hydroxysuccinimide) ester counterpart due 
to the addition of a sulfonate group. 

Various embodiments of preparing and using the carbonic 
anhydrase polypeptides chemically modified by treatment 
with cross-linking agents used in the soluble composition and 
homogenous liquid formulations are disclosed in greater 
detail below (see e.g., Examples). Generally, treatment com 
prises exposure of an unmodified carbonic anhydrase 
polypeptide (e.g., in an aqueous Solution at a concentration of 
10 g/L and 100 g/L) with the cross-linking agent also in the 
aqueous Solution at a specified concentration. In some 
embodiments of the soluble composition, the treatment with 
a cross-linking agent comprises exposure of the carbonic 
anhydrase polypeptide to the cross-linking agent at a concen 
tration of from about 0.025% to about 10%, from about 
0.05% to about 5%, from about 0.1% to about 5%, or from 
about 0.25% to about 2.5%. In some embodiments, the treat 
ment comprises exposure of the carbonic anhydrase polypep 
tide to the cross-linking reagent at a concentration of at least 
about 0.025%, at least about 0.1%, at least about 0.25%, at 
least about 0.5%, at least about 1%, at least about 2%, at least 
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about 2.5%, or at least about 5%. Generally, either percentage 
concentrations based on percent Volume/volume (V/v) or 
weight/volume (w/v) can be used with the cross-linking 
agents disclosed herein without a significant difference in 
performance for the purposes disclosed herein. Typically, 
where the cross-linking agent is obtained as a liquid reagent, 
percent (v/v) is used. For example, as detailed in the 
Examples, glutaraldehyde is obtained from Sigma-Aldrich 
(St. Louis, USA) as a 25% solution and further diluted based 
on percentage (V/v) to the desired polypeptide treatment con 
centration. However, where the cross-linking agent typically 
obtained as a Solid reagent a percent (w/v) solution can be 
used. 

The structure of the soluble composition can vary depend 
ing on the specific carbonic anhydrase polypeptide amino 
acid sequence that is chemically modified. Generally, regard 
less of the specific sequence, the cross-linking agents dis 
closed herein result in chemical modification of one or more 
amino acid lysine residues, and preferably lysine residues that 
are present on the surface of the polypeptide or between 
Subunits. Accordingly, in some embodiments of the soluble 
composition, the carbonic anhydrase polypeptide chemically 
modified by treatment with a cross-linking agent has at least 
one chemically modified lysine residue. In some embodi 
ments, the treatment with a cross-linking agent results in the 
carbonic anhydrase polypeptide having at least one lysine 
residue cross-linked to another lysine residue on the same 
carbonic anhydrase polypeptide molecule. In some embodi 
ments, the treatment with a cross-linking agent results in the 
carbonic anhydrase polypeptide having at least one lysine 
residue cross-linked to another lysine residue on a different 
carbonic anhydrase polypeptide molecule (i.e., at least one 
CA dimer). 

In an embodiment of the soluble composition, the carbonic 
anhydrase polypeptide that is chemically modified is an 
C-class carbonic anhydrase polypeptide or a recombinant 
carbonic anhydrase polypeptide derived from an O-class car 
bonic anhydrase. In some embodiments, the C-class carbonic 
anhydrase that is chemically modified is an O-class carbonic 
anhydrase from human (Homo sapiens), rat (Rattus norvegi 
cus), cow (Bos taurus), chicken (Gallus gallus), fish (Cyprino 
carpio), or the bacteria, Neisseria gonorrhoeae, or a recom 
binant carbonic anhydrase polypeptide derived from any one 
of these C-class carbonic anhydrase. In some embodiments, 
the C-class carbonic anhydrase that is chemically modified 
comprises an amino acid sequence selected from the group 
consisting of SEQID NO: 1298, 1300, 1302, 1304, 1306, and 
1308, or a recombinant carbonic anhydrase polypeptide 
derived from any one of these C-class carbonic anhydrase 
Sequences. 

In another embodiment of the soluble composition, the 
carbonic anhydrase polypeptide is a recombinant B-class car 
bonic anhydrase polypeptide derived from the wild-type Des 
ulfovibrio vulgaris carbonic anhydrase comprising the amino 
acid sequence of SEQID NO: 2, or derived from a sequence 
homolog of SEQID NO: 2 selected from the group consisting 
of SEQID NO: 1288, 1290, 1292, 1294, and 1296. A wide 
range of engineered polypeptides useful in Such an embodi 
ment of the soluble composition are provide below in Tables 
2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2.J. In some embodi 
ments, the carbonic anhydrase polypeptide amino acid 
sequence comprises an even-numbered amino acid sequence 
selected from any one of SEQ ID NO: 4-1286. In such 
embodiments, the carbonic anhydrase polypeptide amino 
acid sequence has surface lysine residues at the following 
positions (relative to SEQID NO:2):X18, X37,X147,X156, 
X184, or X198. Accordingly, in some embodiments of the 
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soluble composition wherein the polypeptide is a recombi 
nant B-class carbonic anhydrase having an amino acid 
sequence derived from SEQID NO: 2, the treatment with a 
cross-linking agent results in the carbonic anhydrase 
polypeptide having a chemically modified lysine residue at 
one or more of the following positions relative to SEQID NO: 
2: X18, X37, X147, X156, X184, or X198. In some embodi 
ments of the Soluble composition, the carbonic anhydrase 
polypeptide amino acid sequence comprises at least the fol 
lowing amino acid residue difference relative to SEQID NO: 
2: X56S. In some embodiments of the soluble composition, 
the carbonic anhydrase polypeptide amino acid sequence 
comprises at least the following amino acid residue difference 
relative to SEQ ID NO: 2: X30R, X40L, X56S, X84Q, 
X120R, and X139M. In some embodiments of the soluble 
composition, the carbonic anhydrase polypeptide amino acid 
sequence an amino acid sequence selected from any one of 
SEQID NO:26, 190,206, 238,252,270,274,284,306,318, 
328,332, 340, 354,596,606, 656, 678, 1080, 1110, 1148, 
1152, 1156, and 1158. 

In some embodiments, the present disclosure provides a 
soluble composition comprising chemically modified 
polypeptidehaving carbonic anhydrase activity characterized 
by an amino acid sequence having at least 80% identity to 
SEQID NO:2 and at least one residue chemically modified by 
treatment with a cross-linking agent selected from the group 
consisting of glutaraldehyde, dimethyl Suberimidate, dim 
ethyl pimelimidate, suberic acid bis(N-hydroxysuccinimide), 
and mixtures thereof. In some embodiments, the at least one 
residue that is chemically modified by treatment with a cross 
linking agent is a surface lysine residue at one or more of the 
following positions relative to SEQ ID NO: 2: X18, X37, 
X147, X156, X184, or X198. 
As described in greater detail below, the recombinant car 

bonic anhydrase polypeptides derived from SEQ ID NO: 2 
used in the Soluble compositions typically have at least one 
improved enzyme property relative to the wild-type polypep 
tide of SEQID NO: 2. For example increased activity and/or 
stability in the presence of high concentrations of CO, 
absorption mediating compounds (e.g., >4 MMDEA or >2M 
NH) and at increased temperatures (e.g., 40°C. or higher). 
Thus, in some embodiments of the soluble composition, the 
carbonic anhydrase polypeptide prior to chemical modifica 
tion is a recombinant carbonic anhydrase polypeptide having 
an activity half-life (t) of at least 9 hours in 4 MMDEA at 
500 C. 

Generally, the embodiments of the soluble composition the 
chemically modified carbonic anhydrase polypeptide of the 
composition has an improved enzyme property of increased 
carbonic anhydrase activity and/or increased stability relative 
to the same carbonic anhydrase polypeptide that is not chemi 
cally modified. Thus, in some embodiments of the soluble 
composition, the carbonic anhydrase activity of the chemi 
cally modified carbonic anhydrase is increased relative to the 
carbonic anhydrase polypeptide when it is not chemically 
modified (i.e., unmodified), when measured in 4.2 MMDEA 
at 50°C. In some embodiments the carbonic anhydrase activ 
ity is increased at least 1.5-fold, at least 2-fold, at least 3-fold, 
at least 4-fold, or at least 5-fold. 

In some embodiments of the soluble composition, the 
chemically modified carbonic anhydrase is characterized by 
the improved enzyme property of increased stability relative 
to the carbonic anhydrase polypeptide when it is not chemi 
cally modified (i.e., unmodified), when measured as residual 
carbonic anhydrase activity following 24 hours exposure to 
4.2 MMDEA at 75° C. In some embodiments the carbonic 
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anhydrase stability is increased at least 1.5-fold, at least 
2-fold, at least 3-fold, at least 4-fold, or at least 5-fold. 
Due to their improved properties, the soluble compositions 

comprising chemically modified carbonic anhydrase 
polypeptides are particularly useful in methods for removing 
carbon dioxide from a gas stream. Generally, these methods, 
which are disclosed in greater detail below, comprise the step 
of contacting under Suitable conditions the gas stream with a 
Solution comprising a soluble composition of a chemically 
modified carbonic anhydrase polypeptideas disclosed herein, 
whereby the solution absorbs at least a portion of the carbon 
dioxide from the gas stream. 
As mentioned above, the present disclosure also provides a 

homogenous liquid formulation comprising a carbonic anhy 
drase polypeptide chemically modified by treatment with a 
cross-linking agent and a CO absorption mediating com 
pound. These homogenous liquid formulations can comprise 
any of the carbonic anhydrase polypeptides chemically modi 
fied by treatment with a cross-linking agent disclosed else 
where herein. The homogenous liquid formulations of the 
present disclosure can be prepared by dissolving any of the 
soluble compositions (disclosed elsewhere herein) in an 
aqueous solution also comprising the desired CO2 absorption 
mediating compound. Accordingly, the present disclosure 
provides a homogenous liquid formulation comprising an 
aqueous solution of a soluble composition comprising (i) a 
carbonic anhydrase polypeptide chemically modified by 
treatment with a cross-linking agent and (ii) a CO2 absorption 
mediating compound. In various embodiments of the homog 
enous liquid formulation, the CO2 absorption mediating com 
pound can be selected from the group consisting of an amine 
compound, ammonia, carbonate ion, and mixtures thereof. 

In some embodiments, the CO absorption mediating com 
pound used in the homogenous liquid formulation is an amine 
compound selected from the group consisting of: 2-(2-ami 
noethylamino)ethanol (AEE), 2-amino-2-hydroxymethyl-1, 
3-propanediol (AHPD), 2-amino-2-methyl-1-propanol 
(AMP), diethanolamine (DEA), diisopropanolamine (DIPA), 
N-hydroxyethylpiperazine (HEP), N-methyldiethanolamine 
(MDEA), monoethanolamine (MEA), N-methylpiperazine 
(MP), piperazine, piperidine, 2-(2-tert-butylaminoethoxy) 
ethanol (TBEE), triethanolamine (TEA), triisopropanola 
mine (TIA), tris, 2-(2-aminoethoxy)ethanol, 2-(2-tert-buty 
laminopropoxy)ethanol, 2-(2-tert-amylaminoethoxy) 
ethanol. 2-(2-isopropylaminopropoxy)ethanol, 2-(2-(1- 
methyl-1-ethylpropylamino)ethoxy)ethanol, and mixtures 
thereof. 
Due to their improved properties, the homogenous liquid 

formulations comprising a chemically modified carbonic 
anhydrase polypeptide and a CO absorption mediating com 
pound, as disclosed herein, also are particularly useful in 
methods for removing carbon dioxide from a gas stream. 
Such methods, which are disclosed in greater detail below, 
generally comprise a step of contacting the gas stream with 
the homogenous liquid formulation under Suitable condi 
tions, whereby the homogenous liquid formulation absorbs at 
least a portion of the carbon dioxide from the gas stream. In 
various embodiments, the concentration of the chemically 
modified carbonic anhydrase polypeptide and/or the CO 
absorption mediating compound in the homogenous liquid 
formulation can be adjusted depending on the Suitable con 
ditions for the particular method of use. Various methods of 
use for carbon capture processes of the chemically modified 
carbonic anhydrase polypeptides, and the soluble composi 
tions and homogenous liquid formulation that comprise 
them, are described in greater detail below, including suitable 
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conditions of polypeptide and CO absorption mediating 
compound concentration, and temperature. 

In some embodiments, the improved property of the 
chemically modified carbonic anhydrase polypeptides (and 
soluble compositions and homogeneous liquid formulations 
comprising them) disclosed herein is increased stability in the 
presence of compounds in the enzyme solution that improve 
the ability of the solution to absorb carbon dioxide (i.e., 
compounds that mediate the absorption of CO by the solu 
tion). Such CO absorption mediating compounds increase 
the amount of carbon dioxide that the solution can absorb, 
increase the rate at which carbon dioxide is absorbed, and/or 
improve the thermodynamic properties of the solution that 
control the carbon dioxide absorption or desorption. Accord 
ingly, the chemically modified carbonic anhydrases, soluble 
compositions, and homogenous liquid formulations dis 
closed herein are advantageous for use in methods for carbon 
dioxide capture and sequestration that use solutions into 
which carbon dioxide is absorbed (i.e., captured by diffusing 
from gas stream into the liquid Solution) and/or from which 
carbon dioxide is desorbed (i.e., extracted by diffusing from 
liquid Solution into gas phase). Such compounds, Solutions, 
and solvent systems for the absorption and/or desorption of 
carbon dioxide and the associated processes of using them for 
carbon dioxide capture from gas streams are described in e.g., 
U.S. Pat. Nos. 6,143,556, 6,524,843 B2, 7,176,017 B2, 7,596, 
952 B2, 7,641,717 B2, 7,579,185 B2, 7,740,689 B2, 7,132, 
090 B2; U.S. Pat. Publ. Nos. 2007/0256559A1, 2009/ 
0155889A1, 2010/0086983A1; PCT Publ. Nos. WO2006/ 
089423A1, WO2008/072979A1, WO2009/000025A1, 
WO2010/020017A1, WO2010/014773A1, WO2010/ 
045689A1, each of which is hereby incorporated by reference 
herein. 

In some embodiments, the improved property of the 
chemically modified carbonic anhydrase polypeptides, 
soluble compositions, and homogenous liquid formulations 
of the present disclosure is increased Stability in the presence 
of an amine compound in the enzyme solution. In addition to 
increased Stability to the presence of amine compound, in 
Such embodiments the carbonic anhydrase can have increased 
thermostability, e.g., increased activity attemperatures above 
40°C. The chemically modified carbonic anhydrase polypep 
tides disclosed herein having increased stability to amine 
compounds and increased solution temperature are particu 
larly advantageous for use in methods for carbon dioxide 
capture and sequestration from flue gas streams using solu 
tions comprising amine compounds (see e.g., U.S. Pat. No. 
7,740,689 B2, and U.S. Pat. Publ. 2009/0155889 A1, each of 
which is hereby incorporated by reference herein) such as 
those amine compounds selected from the group consisting 
of: 2-(2-aminoethylamino)ethanol (AEE), 2-amino-2-hy 
droxymethyl-1,3-propanediol (AHPD), 2-amino-2-methyl 
1-propanol (AMP), diethanolamine (DEA), diisopropanola 
mine (DIPA), N-hydroxyethylpiperazine (HEP), 
N-methyldiethanolamine (MDEA), monoethanolamine 
(MEA), N-methylpiperazine (MP), piperazine, piperidine, 
2-(2-tert-butylaminoethoxy)ethanol (TBEE), triethanola 
mine (TEA), triisopropanolamine (TIA), tris, 2-(2-aminoet 
hoxy)ethanol, 2-(2-tert-butylaminopropoxy)ethanol, 2-(2- 
tert-amylaminoethoxy)ethanol, 2-(2- 
isopropylaminopropoxy)ethanol, and 2-(2-(1-methyl-1- 
ethylpropylamino)ethoxy)ethanol. 

In some embodiments, the improved property of the 
chemically modified carbonic anhydrase polypeptides, 
soluble compositions, and homogenous liquid formulations 
disclosed herein is increased stability in the presence of 
ammonia in the enzyme solution. In addition to increased 
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stability to the presence of ammonia, in Such embodiments 
the carbonic anhydrase can have increased stability at 
increased or decreased temperatures (e.g., less than about 15° 
C.). The chemically modified carbonic anhydrases disclosed 
herein having increased Stability to ammonia and/or 
increased thermostability are particularly advantageous for 
use in methods for carbon dioxide capture and sequestration 
from flue gas streams using Solutions comprising ammonia, 
Such as the chilled ammonia processes (see e.g., U.S. Pat. No. 

5 

7,641,717 B2, U.S. Pat. Publ. 2009/0155889 A1, each of 10 
which is hereby incorporated by reference herein). 

8.3. Preparation of Chemically Modified Carbonic 
Anhydrase Polypeptides 

The present disclosure also provides methods the carbonic 
anhydrase polypeptides that are chemically modified by treat 
ment with a cross-linking agent, and the Soluble compositions 
and homogenous liquid formulations comprising these 
chemically modified carbonic anhydrase polypeptides. 

In some embodiments the present disclosure provides a 
method for preparing a chemically modified carbonic anhy 
drase comprising contacting in a solution: (i) a carbonic anhy 
drase polypeptide; and (ii) across-linking agent selected from 
the group consisting of a dialdehyde, a bis-imidate ester, a 
bis(N-hydroxysuccinimide) ester, a diacid chloride, and mix 
tures thereof. 

In various embodiments of the method of preparation, the 
polypeptide used can comprise any of the wild-type or recom 
binant carbonic anhydrase polypeptides disclosed herein as 
useful for chemical modification. Thus, in some embodi 
ments of the method of preparation, the polypeptide com 
prises an O-class carbonic anhydrase from human (Homo 
sapiens), rat (Rattus norvegicus), cow (Bos taurus), chicken 
(Gallus gallus), fish (Cyprino carpio), or the bacteria, Neis 
seria gonorrhoeae, or a recombinant carbonic anhydrase 
polypeptide derived from any one of these C-class carbonic 
anhydrase. For example, the polypeptide used in the method 
of preparation can comprise the C-class carbonic anhydrase 
comprises an amino acid sequence selected from the group 
consisting of SEQID NO: 1298, 1300, 1302, 1304, 1306, and 
1308, or a recombinant carbonic anhydrase polypeptide 
derived from any one of these C-class carbonic anhydrase 
Sequences. 

In other embodiments, the polypeptide used in the method 
of preparation can comprise a recombinant B-class carbonic 
anhydrase polypeptide derived from the wild-type Des 
ulfovibrio vulgaris carbonic anhydrase comprising the amino 
acid sequence of SEQID NO: 2, or derived from a sequence 
homolog of SEQID NO: 2 selected from the group consisting 
of SEQID NO: 1288, 1290, 1292, 1294, and 1296. In some 
embodiments, the polypeptide used in the method of prepa 
ration comprises an amino acid sequence having at least 80% 
identity to SEQ ID NO:2. Exemplary engineered polypep 
tides useful in the methods of preparation are provide below 
in Tables 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2.J. In some 
embodiments of the method of preparation, the carbonic 
anhydrase polypeptide amino acid sequence comprises an 
even-numbered amino acid sequence selected from any one 
of SEQID NO: 4-1286. In some embodiments, the carbonic 
anhydrase polypeptide amino acid sequence comprises at 
least the following amino acid residue difference relative to 
SEQ ID NO: 2: X56S. In some embodiments, the carbonic 
anhydrase polypeptide amino acid sequence comprises at 
least the following amino acid residue difference relative to 
SEQ ID NO: 2: X30R, X40L, X56S, X84Q, X120R, and 
X139M. In some embodiments, the carbonic anhydrase 
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polypeptide amino acid sequence an amino acid sequence 
selected from any one of SEQID NO: 26, 190,206,238,252, 
270, 274, 284,306, 318, 328,332, 340, 354,596,606, 656, 
678, 1080, 1110, 1148, 1152, 1156, and 1158. 

In addition to using a range of polypeptides, the method of 
preparation of the chemically modified carbonic anhydrase 
polypeptides, soluble compositions, and homogenous liquid 
formulations disclosed herein can be carried using a range of 
cross-linking agents and associated reaction conditions. 

In some embodiments of the methods of preparation, the 
cross-linking agent used is selected from the group consisting 
of a dialdehyde, a bis-imidate ester, a bis(N-hydroxysuccin 
imide) ester, a diacid chloride, and mixtures thereof. In some 
embodiments, the specific cross-linking agent is selected 
from the group consisting of malondialdehyde, glutaralde 
hyde, dimethyl suberimidate, dimethyl pimelimidate, suberic 
acid bis(N-hydroxysuccinimide), and mixtures thereof. 

In some embodiments of the methods of preparation, the 
cross-linking agent used is a dialdehyde having optionally 
one or more carbon atoms between the two aldehyde groups, 
for example wherein the dialdehyde is selected from the 
group consisting of glyoxal. Succindialdehyde, malondialde 
hyde, glutaraldehyde, and mixtures thereof. In a particular 
embodiment, the cross-linking agent is glutaraldehyde. 

In some embodiments of the methods of preparation, the 
cross-linking agent used is an imidate ester, and in particular 
embodiments, a bis-imidate ester having optionally one or 
more carbon atoms between the two imidate ester groups. 
Useful imidate esters include bis-imidate esters having 
optionally one or more carbonatoms between the two imidate 
ester groups, including but not limited to: imidate esters (such 
as methyl or ethyl) of malonimidate, succinimidate, gluta 
rimidate, adipimidate, pimelimidate, and Suberimidate. 

In some embodiments of the methods of preparation, the 
cross-linking agent used is a bis(N-hydroxySuccinimide) 
ester of a di-carboxylic acid that forms an irreversible chemi 
cal modification of the polypeptide. Useful bis(N-hydrox 
ySuccinimide) esters include those prepared from di-carboxy 
lic acid selected from the group consisting of malonate, 
Succinate, glutarate, adipate, pimelate, Suberate, and mixtures 
thereof. Accordingly, in particular embodiments of the 
soluble composition, the cross-linking agent is a bis(N-hy 
droxysuccinimide) ester of a di-carboxylic acid selected from 
the group consisting of malonate, Succinate, glutarate, adi 
pate, pimelate, Suberate, and mixtures thereof. 

Various exemplary reaction conditions useful in the meth 
ods of preparing the chemically modified carbonic anhydrase 
polypeptides are disclosed in greater detail below (see e.g., 
Examples). Generally, the various embodiments of the meth 
ods for preparing comprise contacting in a solution the 
unmodified carbonic anhydrase polypeptide and the cross 
linking agent in an aqueous solution each at a specified con 
centration. Typically, in the methods of preparation the con 
centration of the cross-linking agent used in the Solution 
ranges from about 0.1% to about 5% and the concentration of 
the carbonic anhydrase polypeptide in the Solution is from 
about 10 g/L to about 100 g/L. For example, in particular 
embodiment of the method of preparation, the concentrations 
of the cross-linking agent and polypeptide, respectively, are 
selected from: 0.25% (v/v) and 100 g/L: 0.25% (v/v) and 50 
g/L: 0.25% (v/v) and 25 g/L: 0.50% (v/v) and 25 g/L: 0.75% 
(v/v) and 25 g/L. 1.0% (v/v) and 25 g/L, and 0.25% (v/v) and 
10 g/L. 

In some embodiments of the method of preparation, the 
concentration of cross-linking agent in the solution is from 
about 0.025% to about 10%, from about 0.05% to about 5%, 
from about 0.1% to about 5%, or from about 0.25% to about 
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2.5%. In some embodiments, the concentration of cross-link 
ing agent in the solution is at a concentration of at least about 
0.025%, at least about 0.1%, at least about 0.25%, at least 
about 0.5%, at least about 1%, at least about 2%, at least about 
2.5%, or at least about 5%. As noted above, either percent 
volume/volume (v/v) or weight/volume (w/v) can be used 
with the cross-linking agents disclosed herein without a sig 
nificant difference in performance of the methods for the 
purposes disclosed herein. Where the cross-linking agent 
typically is obtained as a liquid reagent, percent (V/v) is used. 
For example, as shown in the Examples, glutaraldehyde is 
obtained from Sigma-Aldrich (St. Louis, USA) as a 25% 
stock solution and this is further diluted based on percentage 
(v/v) to the desired concentration for the solution used in the 
method of preparation. However, where the cross-linking 
agent typically obtained as a Solid reagent a percent (w/v) 
Solution can be used. 

In some embodiments of the method of preparation, the 
concentration of the carbonic anhydrase polypeptide in the 
solution is from about 0.1 g/L to about 100 g/L, from about 1 
g/L to about 100 g/L, or from about 10 g/L to about 100 g/L. 
In some embodiments, the concentration of the carbonic 
anhydrase polypeptide in the solution is at least about 0.1 g/L. 
at least about 1 g/L, at least about 5g/L, at least about 10 g/L. 
at least about 25 g/L, at least about 50 g/L, or at least about 
100 g/L. 

In some embodiments of the method of preparation, the 
cross-linking agent is glutaraldehyde, and the concentration 
of the cross-linking agent in the solution is about 0.25% and 
the concentration of the carbonic anhydrase polypeptide in 
the solution is from about 10 g/L to about 100 g/L. In particu 
lar embodiments of the method of preparation, the concen 
trations of glutaraldehyde cross-linking agent and polypep 
tide, respectively, are selected from: 0.25% (v/v) and 100 g/L.; 
0.25% (v/v) and 50 g/L: 0.25% (v/v) and 25 g/L: 0.50% (v/v) 
and 25 g/L: 0.75% (v/v) and 25 g/L. 1.0% (v/v) and 25 g/L, 
and 0.25% (v/v) and 10 g/L. 

In some embodiments, the method of preparation can be 
carried out wherein the solution in prepared by adding a 
carbonic anhydrase polypeptide to an aqueous solution in the 
form of a powder. The powder may contain the polypeptide in 
a partially purified or a highly purified form prepared from 
cell extracts or cell lysates (e.g., shake-flask powder, or DSP 
powder). In some embodiments, the cell extracts or cell 
lysates used may be partially purified by precipitation (am 
monium Sulfate, polyethyleneimine, heat treatment or the 
like, followed by a desalting procedure prior to lyophilization 
(e.g., ultrafiltration, dialysis, and the like). Any of the cell 
preparations may be stabilized by crosslinking using known 
crosslinking agents, such as, for example, glutaraldehyde or 
immobilization to a solid phase (e.g., Eupergit C, and the like) 
or by the crosslinking of protein crystals or precipitated pro 
tein aggregate particles. 

Other conditions used in the embodiments of the method of 
preparation include an incubation time of 1 h to 4 h, and an 
incubation temperature of about room temperature (e.g., 
about 25°C.), or about 20° C. to about 30° C. Additionally, 
the aqueous solution may further comprise buffer salts at 
concentrations typically used with the particular polypeptide 
(e.g., triethanolamine Sulfate or Sodium bicarbonate at about 
pH 7.7 to about pH 10). 

8.4. Carbonic Anhydrase Polypeptides Useful for 
Chemical Modification 

The present disclosure provides carbonic anhydrase 
polypeptides that are chemically modified by treatment with 
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across-linking agent and resulting in the Surprising advantage 
of improved properties of increased carbonic anhydrase 
activity and/or increased stability under conditions useful for 
carbon capture process, e.g., in homogenous liquid formula 
tions with high concentrations of CO absorption mediating 
compounds and temperatures significantly increased or 
decreased above/below ambient temperature. The present 
disclosure contemplates that chemically modified carbonic 
anhydrase polypeptides can be prepared using any naturally 
occurring or recombinant (engineered) carbonic anhydrase 
polypeptide. Accordingly, in some embodiments of the com 
positions, formulations and methods of the present disclo 
Sure, the carbonic anhydrase that is chemically modified is 
selected from an O-class, Y-class, f-class, or S-class carbonic 
anhydrase. 

In some embodiments, the present disclosure provides par 
ticular emphasis on the use of carbonic anhydrase polypep 
tides that already exhibit favorable properties of increased 
activity and Stability under carbon capture process condi 
tions. The C-class carbonic anhydrases, particularly the 
human carbonic anhydrase II ("HuCAII), are among the 
fastest known enzymes, and generally have the highest spe 
cific carbonic anhydrase activity of the various classes. 
Accordingly, in some embodiments of the compositions, for 
mulations and methods of the present disclosure, the carbonic 
anhydrase that is chemically modified is an O-class carbonic 
anhydrase polypeptide or a recombinant carbonic anhydrase 
polypeptide derived from an O-class carbonic anhydrase. In 
Some embodiments, the C-class carbonic anhydrase that is 
chemically modified is an O-class carbonic anhydrase from 
human (Homo sapiens), rat (Rattus norvegicus), cow (Bos 
taurus), chicken (Gallus gallus), fish (Cyprino carpio), or the 
bacteria, Neisseria gonorrhoeae, or a recombinant carbonic 
anhydrase polypeptide derived from any one of these C-class 
carbonic anhydrase. In some embodiments, the C-class car 
bonic anhydrase that is chemically modified comprises an 
amino acid sequence selected from the group consisting of 
SEQID NO: 1298, 1300, 1302, 1304, 1306, and 1308, or a 
recombinant carbonic anhydrase polypeptide derived from 
any one of these C-class carbonic anhydrase sequences. 

Although naturally occurring 3-class carbonic anhydrases 
have been found that exhibit relatively high thermostability 
(e.g., B-class carbonic anhydrase from Methanobacterium 
thermoautotrophicum), most 3-class enzymes exhibit signifi 
cantly lower specific activity in catalyzing the hydration of 
CO than the C-class carbonic anhydrases Such as the C-class 
HuCAII of SEQID NO: 1298. For example, in a bicarbonate 
dehydration assay at pH 8.0, 25°C., the B-class CA from H. 
thermoautotrophicum exhibits less than 4% of the specific 
activity of the C-class HuCAII. However, the B-class carbonic 
anhydrase from Desulfo vibrio vulgaris exhibits a high spe 
cific activity that is comparable to an O-class enzymes and 
also exhibits high thermostability. For example, in the same 
bicarbonate dehydration assay comparison to the C-class 
HuCAII of SEQID NO: 1298, the wild-type B-class carbonic 
anhydrase from D. vulgaris of SEQID NO: 2 was exhibited 
84% of the specific activity of HuCAII, and more than 20-fold 
the activity exhibited by B-class CA from H. thermoau 
totrophicum. Several naturally occurring B-class carbonic 
anhydrases have been identified that are sequence homologs 
having over 40% identity to the D. vulgaris enzyme of SEQ 
ID NO: 2. These include a B-class carbonic anhydrases from: 
Desulfovibrio sp. FW1012B (SEQ ID NO: 1288); Desulfo 
microbium baculatum strain DSM 4028 (SEQID NO: 1290); 
Desulfovibrio aespoeensis (SEQ ID NO: 1292); Des 
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ulfovibrio desulfuricans strain G20 (SEQID NO: 1294); and 
Desulfovibrio magneticus strain ATCC 700980 (SEQID NO: 
1296). 

Accordingly, in some embodiments of the compositions, 
formulations and methods of the present disclosure, the car 
bonic anhydrase that is chemically modified is a f-class car 
bonic anhydrase polypeptide or a recombinant carbonic 
anhydrase polypeptide derived from a f-class carbonic anhy 
drase. In some embodiments, the f-class carbonic anhydrase 
comprises an amino acid sequence selected from the group 
consisting of SEQID NO: 2, 1288, 1290, 1292, 1294, and 
1296. In some embodiments, the B-class carbonic anhydrase 
is a recombinant carbonic anhydrase polypeptide derived 
from a ?-class carbonic anhydrase from Desulfovibrio vul 
garis, and in some embodiments comprises an amino acid 
sequence having at least 80% identity to SEQID NO: 2. 
As described in greater detail below, the B-class carbonic 

anhydrase from Desulfovibrio vulgaris of SEQID NO: 2 has 
been further engineered to provide recombinant carbonic 
anhydrase polypeptides having an improved property when 
compared with the naturally-occurring, wild type carbonic 
anhydrase enzyme obtained from Desulfovibrio vulgaris 
(SEQ ID NO: 2). These recombinant carbonic anhydrase 
polypeptides comprise one or more differences in their amino 
acid sequence (e.g., substitutions, insertions, and/or dele 
tions) relative to a reference sequence (e.g., Desulfovibrio 
vulgaris CA polypeptide of SEQID NO: 2) that result in a 
carbonic anhydrase polypeptide having an improved prop 
erty. The improved properties of these recombinant CA 
polypeptides include, but are not limited to, activity (e.g., 
hydration of carbon dioxide, or dehydration of bicarbonate), 
thermal stability, solvent stability, pH activity profile, refrac 
toriness to inhibition or inactivation by other compounds in 
the solution with the enzyme, e.g. inhibition by bicarbonate, 
carbonate, amine compounds, ammonia, flue gas components 
(such as NO, and SO, compounds). 

In some embodiments, the improved property of the engi 
neered carbonic anhydrase polypeptide is with respect to an 
increase in its rate of conversion of the substrate to the product 
(e.g., hydration of carbon dioxide to bicarbonate). This 
improvement in enzymatic activity can be manifested by the 
ability to use less of the recombinant polypeptide as com 
pared to a reference polypeptide and thereby reduce the 
amount of enzyme needed to convert the same amount of 
product. 

In some embodiments, the improved property of the engi 
neered carbonic anhydrase polypeptide is with respect to its 
thermostability. Accordingly, in some embodiments the 
recombinant carbonic anhydrase polypeptides have an 
improved property that comprises at least 1.2-fold, at least 
1.3-fold, at least 1.5-fold, at least 2-fold, at least 3-fold, at 
least 4-fold, at least 5-fold, at least 10-fold, or at least 25-fold 
increased thermostability. In such embodiments, increased 
thermostability can be determined as increased activity rela 
tive to a reference polypeptide following exposure to thermo 
stability challenge conditions—e.g., exposure to 30, 40, 50, 
or 60° C. solution for a defined time period, such as 24 h. In 
Some embodiments, the carbonic anhydrase polypeptide has 
more than one improved property, such as a combination of 
increased enzyme activity and thermostability. 
The present disclosure contemplates that any of these engi 

neered carbonic anhydrase polypeptides having improved 
properties can be chemically modified by treatment with a 
cross-linking agent and used in the methods of carbon capture 
disclosed herein. 

Exemplary recombinant carbonic anhydrase polypeptides 
useful for chemical modification according to the present 
disclosure includebutare not limited to, the polypeptides that 
comprise the amino acid sequences corresponding to any one 
of SEQID NOs: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 
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30, 32,34, 36,38, 40, 42, 44, 46,48, 50, 52,54, 56,58, 60, 62, 
64, 66,68, 70, 72, 74,76,78,80, 82,84, 86, 88,90, 92,94, 96, 
98, 100, 102, 104, 106, 108, 110, 112, 114, 116, 118, 120, 
122, 124, 126, 128, 130, 132, 134, 136, 138, 140, 142, 144, 
146, 148, 150, 152, 154, 156, 158, 160, 162, 164, 166, 168, 
170, 172, 174, 176, 178, 180, 182, 184, 186, 188, 190, 192, 
194, 196, 198, 200, 202, 204, 206, 208, 210, 212, 214, 216 
218, 220, 222, 224, 226, 228, 230, 232, 234, 236, 238, 240, 
242, 244, 246, 248, 250, 252, 254, 256, 258, 260, 262, 264, 
266, 268,270, 272, 274, 276, 278, 280, 282,284, 286, 288, 
290, 292, 294, 296, 298,300, 302,304,306, 308, 310,312, 
314, 316,318,320, 322,324, 326, 328,330, 332, 334,336, 
338, 340, 342, 344, 346,348, 350, 352,354,356, 358, 360, 
362,364, 366, 368, 370, 372, 374,376, 378,380,382,384, 
386, 388, 390, 392,394,396, 398, 400, 402,404, 406, 408, 
410, 412, 414, 416, 418, 420, 422, 424, 426,428, 430, 432, 
434, 436, 438, 440, 442, 444, 446, 448, 450, 452, 454, 456, 
458, 460, 462, 464, 466, 468, 470, 472, 474, 476, 478,480, 
482, 484, 486, 488, 490, 492, 494, 496, 498,500, 502,504, 
506, 508, 510,512, 514,516, 518, 520, 522,524,526,528 
530, 532,534, 536,538,540, 542, 544, 546, 548,550,552, 
554, 556, 558, 560, 562,564,566,568,570, 572, 574,576 
578,580, 582, 584,586, 588, 590,592, 594,596,598,600, 
602, 604, 606, 608, 610, 612, 614, 616, 618, 620, 622,624, 
626, 628, 630, 632, 634, 636, 638, 640, 642, 644, 646, 648, 
650, 652, 654, 656, 658, 660, 662, 664, 666,668, 670, 672, 
674, 676, 678, 680, 682, 684, 686, 688, 690, 692, 694,696, 
698, 700, 702, 704, 706, 708, 710, 712, 714, 716, 718, 720, 
722, 724, 726, 728, 730, 732, 734, 736, 738, 740, 742, 744, 
746, 748, 750, 752, 754, 756, 758, 760, 762, 764, 766, 768, 
770, 772, 774, 776, 778, 780, 782, 784, 786, 788, 790, 792, 
794, 796, 798, 800, 802, 804, 806, 808, 810, 812, 814, 816, 
818, 820, 822, 824, 826, 828, 830, 832, 834, 836, 838, 840, 
842, 844, 846, 848, 850, 852, 854, 856, 858, 860, 862, 864, 
866, 868, 870, 872,874, 876, 878,880, 882, 884, 886, 888, 
890, 892, 894, 896, 898,900, 902, 904,906, 908, 910,912, 
914,916,918, 920, 922,924,926,928,930, 932, 934,936, 
938,940, 942, 944, 946,948,950,952,954,956, 958,960, 
962, 964,966,968, 970,972,974, 976,978,980, 982, 984, 
986, 988,990, 992,994, 996, 998, 1000, 1002, 1004, 1006, 
1008, 1010, 1012, 1014, 1016, 1018, 1020, 1022, 1024, 1026 
1028, 1030, 1032, 1034, 1036, 1038, 1040, 1042, 1044, 1046 
1048, 1050, 1052, 1054, 1056, 1058, 1060, 1062, 1064, 1066, 
1068, 1070, 1072, 1074, 1076, 1078, 1080, 1082, 1084, 1086, 
1088, 1090, 1092, 1094, 1096, 1098, 1100, 1102,1104, 1106 
1108, 1110, 1112, 1114, 1116, 1118, 1120, 1122, 1124, 1126 
1128, 1130, 1132, 1134, 1136, 1138, 1140, 1142, 1144, 1146, 
1148, 1150, 1152, 1154, 1156, 1158, 1160, 1162, 1164, 1166, 
1168, 1170, 1172, 1174, 1176, 1178, 1180, 1182, 1184, 1186, 
1188, 1190, 1192, 1194, 1196, 1198, 1200, 1202, 1204, 1206, 
1208, 1210, 1212, 1214, 1216, 1218, 1220, 1222, 1224, 1226, 
1228, 1230, 1232, 1234, 1236, 1238, 1240, 1242, 1244, 1246, 
1248, 1250, 1252, 1254, 1256, 1258, 1260, 1262, 1264,1266, 
1268, 1270, 1272, 1274, 1276, 1278, 1280, 1282, 1284, and 
1286. 

Structure and function information for these exemplary 
recombinant carbonic anhydrase polypeptides of the present 
disclosure are shown below in Tables 2A, 2B, 2C, 2D, 2E, 2F, 
2G, 2H, 2I, and 2.J. The odd numbered sequence identifiers 
(i.e., SEQID NOs) refer to the nucleotide sequence encoding 
the amino acid sequence provided by the even numbered SEQ 
ID NOS, and the sequences are provided in the electronic 
sequence listing file accompanying this disclosure, which is 
hereby incorporated by reference herein. The amino acid 
residue differences are based on comparison to the reference 
sequence of SEQ ID NO: 2, which is a wild type carbonic 
anhydrase from Desulfovibrio vulgaris str. “Miyazaki Fhav 
ing GenBank accession ACL09337.1 GI:218758438. 

Tables 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2J also 
disclose the increased stability (solvent and/or thermostabil 
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ity) in the presence of an amine compound (MDEA) and/or 
ammonia at various concentrations and temperatures relative 
to the reference polypeptide of SEQ ID NO: 2. Generally, 
increased Stability was determined by measuring the relative 
rate of dehydrating bicarbonate to carbon dioxide in a high 
throughput (HTP) assay following 24h exposure to the speci 
fied solvent and temperature challenge conditions, and HTP 
activity assays were carried out in 96-well plate format assay 
using cell lysates containing the engineered polypeptides. 
General HTP challenge/assay conditions were as follows: 25 
uL of cleared E. coli lysate added to 75uL of challenge buffer 
solution (e.g., solution containing 4.0 M-6.66 MMDEA or 
NH) and incubated at the challenge temperature (e.g., 30°. 
35°, 42°, 50° or 55° C.) for 24 h; followed by adding a 10 ul 
aliquot of the challenge solution to 190 uL of bicarbonate 
dehydration assay solution (200 mM. KHCO, 400 uMphe 
nolphthalein, pH 7 or 8) at 25° C. or 45° C., measuring 
carbonic anhydrase activity as slope of phenolphthalein indi 
cator absorbance change at 550 nm over 20-30 minutes. Addi 
tional HTP assay details are provided in Example 1. As noted 
in Tables 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2J, the 
measured level of increased activity of each engineered 
polypeptide relative to a reference polypeptide was classified 
as “+', '++, or "+++’ for the different assays. 

TABLE 2A 

ASSay 1 ASSay 2 Assay 3 Assay 4 
Amino Acid (24 h? (24 h? (24 h? (24 h? 
Residue 42°C., 50° C. 30° C. 35° C. 
Differ- 3M 3M 4.2M 4.2M 
ence(s) MDEA MDEA NH/CO. NH/CO, 

SEQID (relative to challenge? challengef challenge? challenge? 
NO: SEQID 25o C. 25o C. 25o C. 25o C. 

(ntaa) NO: 2) assay) assay) assay) assay) 

3f4 K147E; ------ ----- 
5.6 T3OR; ------ ---- ------ 
7/8 T139M; ------ --- 
9/10 G12OR; ------ 
11/12 T30O: ------ ---- ---- 
13/14 T4F: ------ -- -- ---- 
15/16 A84O: ------ ----- ---- ---- 
17/18 Q119M; ------ 
19/20 L34H; ------ ---- ---- 
21/22 T4M; ---- ------ ------ 

T3OK; 
23/24 K147T: ---- ----- 
25/26 A56S; ---- ----- ---- ---- 
27/28 Q32K: ---- -- ---- 
29/30 V131L: ---- -- -- 
31/32 Q15R: ---- --- ------ ------ 

T3OR; 
33/34 N145W: ---- 
35/36 R165; ---- 
37/38 A40W: ---- -- -- 
39/40 N213E; ---- 
41/42 H222C: ---- ---- ------ 
43/44 E142L: ---- 
45/46 G2T: ---- --- 
47/48 R31P; ---- -- 
49/50 S144L: ---- 
51/52 E159H; ---- 
53/54 T139Q; ---- 
55/56 H148T: ---- 
57/58 M17OF; ---- -- -- 
59.60 D86A 
61/62 A121K; ---- -- -- 
63/64 N145F: ---- 
65/66 Q32R; ---- ---- -- 
67/68 A121W: ---- -- -- ---- 
69/70 K37R; ---- -- ---- 
71/72 A221C: ---- ---- ---- 
73/74 A84S; ---- 
75/76 E20OR; ---- 
77/78 T139K; ---- 
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TABLE 2A-continued 

Assay 1 ASSay 2 Assay 3 Assay 4 
Amino Acid (24 h? (24 h? (24 h? (24 h? 
Residue 42°C., 50° C. 30° C. 35° C. 
Differ- 3M 3M 4.2M 4.2M 
ence(s) MDEA MDEA NH/CO. NH/CO, 

SEQID (relative to challenge? challengef challenge? challenge? 
NO: SEQ ID 25o C. 25o C. 25o C. 25o C. 
(ntaa) NO: 2) assay) assay) assay) assay) 

79/80 A95V: ---- -- -- 
81/82 A84N: -- -- 
83/84 Q43M: -- 
85/86 A121 V: -- 
87/88 K147G: -- 
89/90 R223C: -- ---- ---- 
91/92 T30A; -- ---- ---- 
93/94 G2R; -- -- -- 
95/96 A121H: -- -- 
97/98 A121Q.: -- -- -- 
99/100 A60C; -- ---- ---- 
O1/102 D96C; -- 
O3/104 T3OL: -- ---- -- 
05/106 A40L: -- -- -- 
07/108 H97F: -- 
O9/110 E68A: -- -- -- 
11/112 S42A; -- -- -- 

A219T; 
13/114 V7OI: -- ---- ---- 
15/116 Q119T; -- 
17/118 D96E; -- -- 
19/120 S35A; -- -- ---- 
21/122 H124G: -- -- 
23/124 Q119K: -- 
25/126 V138L; -- 
27/128 D168E; -- 
29/130 T139H; -- 
31/132 A121T: -- -- -- 
33/134 A121L: -- 
35/136 S144A; -- 
37/138 N145C; -- 
39/140 N213Q: -- 
41/142 D96K; -- 
43/144 A178G: -- 
45/146 H124R; -- 
47/148 D96A: -- 
49/150 S35R; -- -- -- 
51/152 E159V; -- 
53/154 T47R; -- -- 
55/156 H148A: -- 
57/158 A84R; -- ---- ---- 

59/160 Q43V: -- 
61/162 E159R; -- 
63/164 K147F: -- 
65/166 E68G: -- -- -- 
67/168 V157A: -- -- 
69/170 V138W: -- 
71/172 V138F; -- 
73/174 R223Q; -- ---- 
75/176 M207E; -- 
77/178 A84K; ---- -- 
79/180 A6OV: ---- ---- 
81/182 A40O: ---- -- 
83/184 A22G: ---- 
85/186 K143M; 

M207N, 

Levels of increased activity were determined relative to the reference polypeptide of SEQID 
NO; 2 and defined as “+”, “++”, or “+++” for each of the four assays as follows: 
Assay 1: “+”= at least 1.3-fold but less than 2-fold increased activity; "++”= at least 2-fold 
but less than 3-fold increased activity; “+++” = at least 3-fold increased activity, 
Assay 2: “+”= at least 1.5-fold but less than 2-fold increased activity; "++”= at least 2-fold 
but less than 3-fold increased activity; “+++” = at least 3-fold increased activity, 
Assay 3: “+” = at least 1.3-fold but less than 1.5-fold increased activity; "++” = at least 
1.5-fold but less than 2-fold increased activity; "+++” = at least 2-fold increased activity, 
Assay 4: “+”= at least 1.3-fold but less than 3-fold increased activity; "++”= at least 3-fold 
but less than 5-fold increased activity; “+++” = at least 5-fold increased activity, 
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TABLE 2E-continued 

NO: Amino Acid Residue Difference(s) 

Assay 9 
(24h, 44°C., 
5.6M NH 
(C. = 0.3) 
challenge 
25° C., 

0.28M NH 
assay) 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

---- 

ASSay 10 
(24h, RT, 
5.6M NH 
(C. = 0.3) 
challenge? 
25° C., 

0.28M NH 
assay) 

---- 

---- 

---- 

36 
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“+” indicates 1.3-fold but less than 1.7-fold increased activity; 
“++” indicates at least 1.7-fold but less than 2.0-fold increased activity; 
“+++” indicates at least 2.0-fold increased activity, 
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TABLE 2.J-continued 

Assay 17 
(24 h/87° C./ 
4.2MMDEA 

SEQ ID challenge? 
NO: Amino Acid Residue Difference(s) 45° C. assay? 
(ntaa) (relative to SEQID NO: 2) 685 mM MDEA) 

1281/1282 T3OR: R31P: K37R: A4OL: Q43M: H44L: A56S; E68A: V7OI: A84O: A95V: -- 

Levels of increased activity were determined relative to the reference polypeptide of SEQ 
having T3OR; R31P; K37R; A40L: Q43M; H44L; A56S; E68A; V7OI; A84Q; A95V: Q 
S144R N145C; H148TV157A: M17OF; 
Assay 17: 
“+” indicates at least 1.1-fold but less than 1.3-fold increased activity; 
“++” indicates at least 1.3-fold but less than 1.5-fold increased activity; 
“+++” indicates at least 1.5-fold increased activity, 

In addition to the exemplary polypeptides of Tables 2A, 
2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2J in some embodiments, 
the present disclosure provides a recombinant carbonic anhy 
drase polypeptide having an improved enzyme property rela 
tive to a polypeptide of SEQ ID NO:2, and an amino acid 
sequence having at least 80%, 85%. 86%, 87%. 88%. 89%, 
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% 
identity to a reference amino acid sequence selected from any 
one of which comprise an amino acid sequence selected from 
the polypeptide amino acid sequences disclosed in the 
accompanying Sequence Listing, specifically any one of the 
polypeptide amino acid sequences of SEQ ID NO: 4-1286 
(which correspond to the even numbered sequence identifier 
numbers from 4 to 1286, inclusive). 

In some embodiments, the disclosure provides a recombi 
nant carbonic anhydrase an improved enzyme property rela 
tive to a reference polypeptide of SEQID NO:2, said recom 
binant polypeptide comprising an amino acid sequence 
having a feature selected from one or more: (a) having at least 
93.7%, 94%. 95%, 96%,97%.98%, 99%, or 100% identity to 
SEQ ID NO:1152 or to a fragment of SEQ ID NO: 1152, 
wherein the fragment has at least 90%. 95%, 98%, or 99% of 
the length of SEQID NO: 1152; (b) having 14 or fewer, 13 or 
fewer, 12 or fewer, 11 or fewer, 10 or fewer,9,8,7,6, 5, 4, 3, 
2, or 1 amino acid residue differences relative to SEQID NO: 
1152; (c) having at least a combination of amino acid residue 
differences relative to SEQID NO: 2 present in any one of the 
polypeptide sequences of SEQ ID NO: 270-568, 570-678, 
1058-1158, or 1174-1286; (d) having at least 93.7%, 94%, 
95%, 96%, 97%, 98%, 99%, or 100% identity to SEQ ID 
NO: 1162 or to a fragment of SEQID NO: 1162, wherein the 
fragment has at least 90%, 95%.98%, or 99% of the length of 
SEQID NO: 1162; (e) having 14 or fewer, 13 or fewer, 12 or 
fewer, 11 or fewer, 10 or fewer, 9,8,7,6, 5, 4, 3, 2, or 1 amino 
acid residue differences relative to SEQID NO: 1162; and (d) 
having at least a combination of amino acid residue differ 
ences relative to SEQ ID NO: 2 present in any one of the 
polypeptide sequences of SEQ ID NO: 680-1056, or 1160 
1172. 
Each of the exemplary recombinant carbonic anhydrase 

polypeptides shown in Tables 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 
2I, and 2J comprises one or more amino acid residue differ 
ences as compared to SEQID NO: 2, and has at least 1.3-fold, 
at least 1.5-fold, at least 2-fold, at least 3-fold, or at least 
5-fold increased stability relative to the polypeptide of SEQ 
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DNO: 1210 (i.e., engineered polypeptide 
19M; G12OR: H124R; M129F, T139M; 

213E; A219T;) and defined as “+”, “++”, or “+++” for each of the assays as follows: 

ID NO: 2. Specific amino acid differences are shown in Tables 
2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2J and include one or 
more residue differences as compared to SEQID NO:2 at the 
following residue positions: X2: X4; X15: X16; X22; X30; 
X31; X32; X34:X35; X36; X37; X40; X42: X43; X44; X47: 
X49; X52: X56; X60, X66; X68; X70; X76; X84; X86; X93; 
X95; X96; X97; X119; X120; X121 X123; X124; X126; 
X129: X131; X138: X 139; X142; X143: X144; X145; X147: 
X148; X156:X157; X159; X168: X170:X178; X196; X200; 
X207; X213: X219; X221; X222; and X223. Some of these 
positions appear in more than one polypeptide with different 
amino acid replacements. The specific amino acid residue 
differences found in the exemplary polypeptides having an 
improved property are: X2R:X2T:X4F: X4M: X15R:X16S: 
X22G, X30A; X30K; X30L, X30O: X30R: X31P: X32K; 
X32R: X34H; X35A: X35R: X36L: X36T: X37C; X37R; 
X40L: X40O; X40W: X42A; X43M: X43V: X44L: X47R; 
X49F: X52V: X56S: X60C; X60V: X66Y; X68A: X68G; 
X68O; X68V: X70I; X76V: X84K; X84N; X84Q: X84R; 
X84S: X86A: X93W, X95V: X96A: X96C; X96E: X96K; 
X97F: X119K; X119L: X119M: X119T; X120R: X121H: 
X121K; X121L: X121Q: X121T: X121V: X121W: X123K: 
X124F: X124G: X124R: X126N; X129K; X129R: X131L: 
X131F: X138F: X138L: X138W: X139H; X139K; X139M; 
X139Q: X142L: X143M: X143R; X144A: X144L: X144R; 
X145C; X145F: X 145L X145W: X147E: X147F: X147G; 
X147T: X148A: X148C; X148K; X148T X156L: X157A: 
X159H; X159R: X159V: X168E: X170F: X178G X196T: 
X200R: X207E: X207N; X213E: X213Q: X219T; X221C: 
X222C; X223C; and X223Q. 

It will be apparent to the skilled artisan that the residue 
positions and specific residue differences of the present dis 
closure which have been shown to improve stability in solu 
tions comprising amine compounds and/or ammonia can be 
used to generate recombinant carbonic anhydrase polypep 
tides besides the exemplary polypeptides of Tables 2A, 2B, 
2C, 2D, 2E, 2F, 2G, 2H, 2I, and 2.J. It is contemplated that 
additional recombinant carbonic anhydrase polypeptides 
having improved properties can be prepared comprising vari 
ous combinations of the amino acid residue differences of the 
exemplary polypeptides of Tables 2A, 2B, 2C, 2D, 2E, 2F, 
2G, 2H, 2I, and 2.J. This has been demonstrated by the recom 
binant carbonic anhydrase polypeptides of Tables 2B and 2C, 
which have improved stability in the presence of an amine 
compound, were prepared by combining the single amino 
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acid difference of SEQID NO: 26 (i.e., X56S) with various 
other amino acid differences from Table 2A to create the 
improved polypeptides of even-numbered SEQID NO: 188 
568. 

Similarly, the recombinant carbonic anhydrase polypep- 5 
tides of Table 2D, which have increased stability in the pres 
ence of an amine compound relative to the polypeptides of 
Tables 2B and 2C, were prepared by combining the combi 
nation of amino acid differences of SEQ ID NO: 332 (i.e., 
X30R, X40L, X56S, X84Q, X120R, and X13.9M) with vari 
ous otheramino acid differences disclosed hereinto create the 
improved polypeptides of even-numbered SEQID NO: 570 
678; the recombinant carbonic anhydrase polypeptides of 
Table 2G, which have increased stability in the presence of an 
amine compound relative to the polypeptides of Table 2D, 
were prepared by combining the combination of amino acid 
differences of SEQ ID NO: 656 (i.e., T30R; K37R: A40L: 
A56S; E68A: A84O; A95V: Q119M; G120R: T139M; 
N145W: N213E: A219T) with various other amino acid dif 
ferences disclosed hereinto create the improved polypeptides 
of even-numbered SEQID NO: 1058-1158; the recombinant 
carbonic anhydrase polypeptides of Table 2I, which have 
increased Stability in the presence of an amine compound 
relative to the polypeptides of Table 2G, were prepared by 
combining the combination of amino acid differences of SEQ 
ID NO: 1152 (i.e., T30R: R31P; K37R: A40L: Q43M; A56S: 
E68A: V70I; A84O; A95V: Q119M; G120R: H124R; 
T139M; N145F: H148T. V157A: M17OF; N213E: A219T) 
with various otheramino acid differences disclosed hereinto 
create the improved polypeptides of even-numbered SEQID 
NO: 1174-1270; the recombinant carbonic anhydrase 
polypeptides of Table 2J, which have increased stability in the 
presence of an amine compound relative to the polypeptides 
of Table 2I, were prepared by combining the combination of 
amino acid differences of SEQ ID NO: 1210 (i.e., T30R: 
R31P; K37R; A40L: Q43M; H44L: A56S; E68A: V70I; 
A84Q: A95V: Q119M; G120R: H124R; M129F, T139M; 
5144R: N145C: H148T: V157A: M17OF; N213E: A219T) 
with various otheramino acid differences disclosed hereinto 
create the improved polypeptides of even-numbered SEQID 
NO: 1272-1286. 
The recombinant carbonic anhydrase polypeptides of 

Table 2E, which have increased stability in the presence of 
ammonia relative to the polypeptides of Table 2A, were pre 
pared by combining the combination of amino acid differ- 45 
ences of SEQID NO:32 (i.e., Q15R and T30R) with various 
other amino acid differences disclosed herein to create the 
improved polypeptides of even-numbered SEQID NO: 680 
972; the recombinant carbonic anhydrase polypeptides of 
Table 2F, which have increased stability in the presence of 50 
ammonia relative to the polypeptides of Table 2E, were pre 
pared by combining the combination of amino acid differ 
ences of SEQID NO: 812 (i.e., Q15R, T30R, Q32K, S35A, 
A56S, A84N, and A221C) with various other amino acid 
differences disclosed herein to create the improved polypep- 55 
tides of even-numbered SEQ ID NO: 974-1056; and the 
recombinant carbonic anhydrase polypeptides of Table 2H, 
which have increased Stability in the presence of ammonia 
relative to the polypeptides of Table 2F, were prepared by 
combining the combination of amino acid differences of SEQ 60 
ID NO: 1056 (i.e., T4M; Q15R: T30R: Q32K; S35A; A56S: 
V70I; A84Q: A95V: V131L: T139Q; V157A: A221C) with 
various other amino acid differences disclosed herein to cre 
ate the improved polypeptides of even-numbered SEQ ID 
NO: 1160-1172. 

Accordingly, in Some embodiments, the present disclosure 
provides a recombinant carbonic anhydrase polypeptide hav 
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56 
ing at least 1.3-fold, at least 1.5-fold, at least 2-fold, at least 
3-fold, or at least 5-fold increased stability relative to the 
polypeptide of SEQ ID NO: 2, comprises an amino acid 
sequence having at least 80%, 85%. 86%, 87%. 88%. 89%, 
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% 
identity to SEQID NO: 2, and further comprises the one or 
more amino acid residue differences as compared to SEQID 
NO:2 of any one of amino acid sequences of the even-num 
bered SEQID NO: 4-1286. In some embodiments, in addition 
to the set of amino acid residue differences of any one of the 
recombinant carbonic anhydrase polypeptides comprising an 
amino acid sequence of even-number SEQID NO: 4-1286, 
the sequence of the recombinant polypeptide can further 
comprise 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1-11, 
1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 
1-35, 1-40 residue differences at other amino acid residue 
positions as compared to the SEQID NO: 2. In some embodi 
ments, the residue differences can comprise conservative Sub 
stitutions and/or non-conservative substitutions as compared 
to SEQID NO: 2. 

In some embodiments, any of the recombinant carbonic 
anhydrase polypeptides having an improved property relative 
to the polypeptide of SEQ ID NO: 2 and an amino acid 
sequence having at least 80%, 85%. 86%, 87%. 88%. 89%, 
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% 
identity to SEQID NO: 2 and one or more of the following 
amino acid residue differences relative to SEQ ID NO: 2: 
X2R: X2T: X4F: X4M: X15R: X16S: X22G, X30A: X3OK; 
X30L, X30O; X30R: X31P: X32K; X32R: X34H; X35A; 
X35R: X36L: X36T: X37C; X37R: X40L: X40O; X40W: 
X42A; X43M: X43V: X44L: X47R: X49F: X52V: X56S: 
X60C; X60V: X66Y; X68A: X68G: X68O; X68V: X70I; 
X76V: X84K; X84N; X84Q: X84R: X84S: X86A: X93W: 
X95V: X96A: X96C; X96E: X96K; X97F: X119K; X119L.; 
X119M: X119T; X120R: X121H: X121K; X121L: X121Q; 
X121T X121 V: X121W: X 123K: X124F: X124G: X124R: 
X126N; X129K; X129R: X131L: X131F: X138F: X138L; 
X138W:X139H;X139K:X139M: X139Q:X142L:X143M; 
X143R; X144A: X144L: X144R: X145C; X145F: X 145L: 
X145W: X147E: X147F: X147G: X147T X148A: X148C; 
X148K; X148T X156L: X157A: X159H; X159R: X159V: 
X168E: X17OF: X178G X196T: X200R X207E: X207N, 
X213E: X213Q: X219T; X221C: X222C; X223C; and 
X223Q. 
The positions associated with the improved property of 

increased Stability in the presence of an amine compound 
include: X2: X4; X15: X16; X30, X31; X32: X34:X35; X36; 
X37; X40; X42; X43; X44; X47; X49; X52: X56; X60, X66; 
X68; X70; X76; X84; X86; X95; X96; X97; X119; X120; 
X121; X123; X124; X126; X129; X131; X138: X 139; X142: 
X144; X145;X147; X148; X159; X168:X170; X178; X196: 
X200; X213: X219; X221; X222; and X223. The specific 
amino acid residue differences associated with the improved 
property of increased stability in the presence of an amine 
compound include: X2R: X2T: X4F: X4M: X15R: X16S: 
X30A: X30K; X30L, X30O; X30R: X31P: X32K; X32R; 
X34H; X35A: X35R: X36L: X36T: X37R X40L, X40W: 
X42A; X43M: X43V: X44L: X47R: X49F: X52V: X56S: 
X60C; X68A: X68G: X68C; X70I; X76V: X84N; X84Q; 
X84R: X84S: X86A: X95V: X96A: X96C; X96E: X96K: 
X97F: X119K; X119L: X119M: X119T; X120R: X121H: 
X121K; X121L: X121Q: X121T: X121V: X121W: X123K: 
X124F: X124G: X124R: X126N; X131F: X131L: X138L: 
X139H; X 139K; X139M: X139Q: X142L: X144A: X144L: 
X144R: X145C; X145F: X 145L X145W: X147E: X147F: 
X147G: X147T X148A: X148T X159H; X159R: X159V: 
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X168E: X17OF: X178G: X196T: X200R: X213E: X213Q; 
X219T; X221C; X222C; and X223C. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased Stability in the presence of an amine compound 
comprises at least 1.3-fold increased activity relative to the 
reference polypeptide of SEQID NO: 2 after 24 hours expo 
sure to 4 MMDEA at 42° C. and the amino acid sequence 
comprises one or more of the following amino acid residue 
differences relative to SEQID NO: 2:X2R: X2T:X4F: X4M: 
X15R: X16S: X30A; X30K; X30L, X30O; X30R: X31P; 
X32K; X32R: X34H; X35A; X35R, X36L: X36T: X37R; 
X40L: X40W: X42A; X43M: X43V: X44L: X47R: X49F: 
X52V: X56S: X60C; X68A: X68G: X68O; X70I; X76V: 
X84N; X84Q: X84R: X84S: X86A: X95V: X96A: X96C; 
X96E: X96K; X97F: X119K; X119L: X119M: X119T; 
X120R: X121H: X121K; X121L: X121Q: X121T: X121 V: 
X121W: X 123K: X124F: X124G: X124R: X126N; X131F: 
X131L: X138L: X139H; X139K; X139M: X139Q: X142L: 
X144A: X144L: X144R: X145C; X145F: X 145L X 145W: 
X147E: X147F: X147G: X147T X148A: X148T X159H; 
X159R: X159V: X168E: X170F: X178G X196T: X200R; 
X213E: X213Q: X219T; X221C: X222C; and X223C. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased Stability in the presence of an amine compound 
comprises at least 1.5-fold increased activity relative to the 
reference polypeptide of SEQID NO: 2 after 24 hours expo 
sure to 4 MMDEA at 50° C. and the amino acid sequence 
comprises one or more of the following amino acid residue 
differences relative to SEQ ID NO: 2: X2T: X4F: X31P: 
X40L: X56S: X84Q: X119M: X120R: X121K; X121W: 
X131L: X139M: X147E: X147T; and X17OF. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased Stability in the presence of an amine compound 
comprises at least 2-fold increased activity relative to the 
reference polypeptide of SEQID NO: 2 after 24 hours expo 
sure to 4 MMDEA at 50° C. and the amino acid sequence 
comprises one or more of the following amino acid residue 
differences relative to SEQ ID NO: 2: X2T: X56S: X84Q: 
X139M: X147E; and X147T. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased stability in the presence of an amine compound in 
which the increased stability in the presence of an amine 
compound comprises at least 3-fold increased activity rela 
tive to the reference polypeptide of SEQ ID NO: 2 after 24 
hours exposure to 4 MMDEA at 50° C. and an amino acid 
sequence comprising one or more of the following amino acid 
residue differences relative to SEQID NO: 2: X56S: X84Q: 
X147E and X147T. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of an amine compound and in which the amino acid 
sequence comprises the amino acid difference X56S and one 
or more of the following amino acid residue differences rela 
tive to SEQID NO: 2: X2R: X2T: X4F: X4M: X15R: X16S: 
X30A; X30K; X30L, X30O; X30R: X31P: X32K; X32R; 
X34H; X35A: X35R: X36L: X36T: X37R X40L, X40W: 
X42A; X43M: X43V: X44L: X47R: X49F: X52V: X60C; 
X68A: X68G: X68C; X70I; X76V: X84N; X84Q: X84R; 
X84S: X86A: X95V: X96A: X96C; X96E: X96K; X97F: 
X119K; X119L: X119M: X119T; X120R: X121H: X121K; 
X121L: X121Q: X121T: X121 V: X121W: X 123K: X124F; 
X124G: X124R: X126N; X131F: X131L: X138L: X139H; 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

58 
X139K; X 139M: X 139Q: X142L: X144A: X144L: X144R; 
X145C; X145F: X 145L X145W: X147E: X147F: X147G; 
X147T X148A: X148T X159H; X159R: X159V: X168E; 
X17OF; X178G: X196T: X200R: X213E: X213Q: X219T; 
X221C: X222C; and X223C. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of an amine compound characterized by at least 1.5-fold 
increased activity relative to the reference polypeptide of 
SEQIDNO:332 after 24 hours exposure to 5MMDEA at 65° 
C. In some embodiments, the amino acid sequence of the 
recombinant carbonic anhydrase polypeptide having 
increased Stability in the presence of an amine compound 
comprises at least the following amino acid residue differ 
ences relative to SEQID NO: 2: X30R, X40L, X56S, X84Q, 
X120R, and X139M. In some embodiments, the amino acid 
sequence comprises at least a combination of amino acid 
residue differences relative to SEQID NO: 2 present in any 
one of the polypeptide sequences of SEQ ID NO: 570-678, 
1058-1158, or 1174-1286. In some embodiments, the amino 
acid sequence comprises any one of the polypeptide 
sequences of SEQ ID NO: 570-678, 1058-1158, or 1174 
1286. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of an amine compound characterized by at least 1.5-fold 
increased activity relative to the reference polypeptide of 
SEQIDNO: 656 after 24 hours exposure to 5MMDEA at 70° 
C. In some embodiments, the amino acid sequence of the 
recombinant carbonic anhydrase polypeptide having 
increased Stability in the presence of an amine compound 
comprises at least the amino acid residue differences relative 
to SEQID NO: 2: X30R, X37R, X40L, X56S, X68A, X84Q, 
X95V, X119M, X120R, X13.9M, X 145W, X213E, and 
X219T. In some embodiments, the amino acid sequence com 
prises at least a combination of amino acid residue differences 
relative to SEQID NO: 2 present in any one of the polypep 
tide sequences of SEQID NO: 1058-1158, or 1174-1286. In 
Some embodiments, the amino acid sequence comprises any 
one of the polypeptide sequences of SEQID NO: 1058-1158, 
or 1174-1286. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of an amine compound characterized by retaining at 
least about 30%, at least about 40%, at least about 50%, at 
least about 60%, at least about 70%, at least about 80%, at 
least about 90%, or at least about 95% or greater residual 
activity after exposure to a solution comprising at least 4.2M 
MDEA at 50° C. for period of at least about 1, 4, 7, 12, or 14 
days. In some embodiments, the amino acid sequence of the 
recombinant carbonic anhydrase polypeptide having 
increased stability characterized by retention of at least 30% 
residual activity after exposure to a solution comprising about 
4.2MMDEA at 50° C. for at least about 14 days comprises at 
least the amino acid residue differences relative to SEQ ID 
NO: 2: X30R, X31P: X37R: X40L, X43M: X56S: X68A: 
X70I; X84Q: X95V: X119M: X120R: X124R: X139M; 
X144R: X145F: X148T: X157A: X17OF: X213E; and 
X219T. In some embodiments, the amino acid sequence fur 
ther comprises at least 2, at least 3, at least 4, or at least 5 
lysine (K) residues and/or arginine (R) residues substituted at 
positions X121-X126 and/or at positionsX144-X149 relative 
to SEQID NO: 2. In some embodiments, the at least 2, at least 
3, at least 4, or at least 5 lysine (K) residue and/or arginine (R) 
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residue substitutions are selected from: X84K, X84R, 
X120R, X121K, X 123K, X124R, X129K, X129R, X 139K, 
X143R, X144R, and X148K. In some embodiments, the at 
least 2, at least 3, at least 4, or at least 5 lysine (K) residues 
and/or arginine (R) residues Substitutions are selected from: 
X84R, X 123K, X124R, X129K, X129R, X143R, X144R, 
and X148K. In some embodiments, the amino acid sequence 
comprises at least a combination of amino acid residue dif 
ferences relative to SEQID NO: 2 present in any one of the 
polypeptide sequences of SEQID NO: 1058-1158, or 1174 
1286. In some embodiments, the amino acid sequence com 
prises any one of the polypeptide sequences of SEQID NO: 
1058-1158, or 1174-1286. 
The positions associated with the improved property of 

increased stability in the presence of an ammonia include: 
X2: X4; X15: X22; X30, X32; X34; X35; X37; X40; X42: 
X47;X56; X60, X68;X70;X84:X86;X93:X95;X96:X121: 
X124; X138:X143: X156; X157; X170; X207; X219; X221; 
X222; and X223. The specific amino acid residue differences 
associated with the improved property of increased stability 
in the presence of ammonia include: X2R; X4F: X4M: X15R; 
X22G: X30A; X30K; X30L, X30O; X30R: X32K; X32R; 
X34H; X35A: X35R: X37C; X37R: X40L: X40O; X40W: 
X42A; X47R: X56S: X60C; X60V: X68A: X68G: X68V: 
X70I; X84K; X84Q: X86A: X93W, X95V: X96E: X121H: 
X121K; X121Q: X121T: X121W: X124G; X131F: X138F; 
X138W: X143M: X143R; X148C; X156L: 157A: X17OF: 
X207E: X207N; X219T; X221C; X222C; and X223Q. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased stability in the presence of ammonia comprises at 
least 1.3-fold increased activity relative to the reference 
polypeptide of SEQ ID NO: 2 after 24 hours exposure to 
ammonia at 35° C. and the amino acid sequence comprises 
one or more of the following amino acid residue differences 
relative to SEQID NO: 2: X2R: X4F: X22G: X30A: X30L: 
X30O; X30R: X32K; X32R: X34H; X35A; X35R: X37R; 
X40O; X40W: X56S: X60C; X60V: X68A: X68G: X70I; 
X84K; X84Q: X86A: X95V: X121Q: X121T: X121W: 
X157A: X221C; X222C; and X223Q. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
increased stability in the presence of ammonia comprises at 
least 3-fold increased activity relative to the reference 
polypeptide of SEQ ID NO: 2 after 24 hours exposure to 
ammonia at 35° C. and the amino acid sequence comprises 
one or more of the following amino acid residue differences 
relative to SEQID NO: 2: X4F: X22G:X30A;X30O: X30R; 
X32K; X34H; X35A: X37R: X56S: X60C; X60V: X70I; 
X84Q: X121W: X221C; X222C; and X223Q. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide having 
increased stability in the presence of ammonia in which the 
amino acid sequence comprises one or more of the amino acid 
residue differences selected from X15R and X30R, and fur 
ther comprises one or more of the following amino acid 
residue differences relative to SEQ ID NO: 2: X2R: X4F: 
X4M: X22G, X30A; X30K; X30L, X30O: X32K; X32R; 
X34H; X35A: X35R: X37C; X37R: X40L: X40O; X40W: 
X42A; X47R: X56S: X60C; X60V: X68A: X68G: X68V: 
X70I; X84K; X84Q: X86A: X93W, X95V: X96E: X121H: 
X121K; X121Q: X121T: X121W: X124G; X131F: X138F; 
X138W: X143M: X143R; X148C; X156L: 157A: X17OF: 
X207E: X207N; X219T; X221C; X222C; and X223Q. In 
Some embodiments, the amino acid sequence comprises both 
X15R and X30R and further comprises one or more of the 
following amino acid residue differences relative to SEQID 
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NO: 2: X2R: X4F: X4M: X22G: X32K; X32R: X34H: 
X35A: X35R: X37C; X37R: X40L: X40O; X40W: X42A; 
X47R: X56S: X60C; X60V: X68A: X68G: X68V: X70I; 
X84K; X84Q: X86A: X93W:X95V:X96E: X121H:X121K; 
X121Q: X121T: X121W: X124G: X131F: X138F: X138W: 
X143M: X143R; X148C; X156L: 157A: X17OF: X207E; 
X207N; X219T; X221C: X222C; and X223Q. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of ammonia characterized by at least 1.5-fold increased 
activity relative to the reference polypeptide of SEQID NO: 
32 after 24 hours exposure to 5.6 MNH at 44°C. In some 
embodiments, the amino acid sequence of the recombinant 
carbonic anhydrase polypeptide having increased stability in 
the presence of ammonia comprises at least the amino acid 
residue differences relative to SEQ ID NO: 2: X15R, and 
X30R. In some embodiments, the amino acid sequence com 
prises at least a combination of amino acid residue differences 
relative to SEQID NO: 2 present in any one of the polypep 
tide sequences of SEQ ID NO: 680-1056, or 1160-1172. In 
Some embodiments, the amino acid sequence comprises any 
one of the polypeptide sequences of SEQID NO: 680-1056, 
or 1160-1172. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of ammonia characterized by at least 1.3-fold increased 
activity relative to the reference polypeptide of SEQID NO: 
812 after 24 hours exposure to 8.4MNH at 58°C. In some 
embodiments, the amino acid sequence of the recombinant 
carbonic anhydrase polypeptide having increased stability in 
the presence of ammonia comprises at least the amino acid 
residue differences relative to SEQID NO: 2: X15R, X30R, 
X32K, X35A, X56S, X84N, and X221C. In some embodi 
ments, the amino acid sequence comprises at least a combi 
nation of amino acid residue differences relative to SEQ ID 
NO: 2 present in any one of the polypeptide sequences of SEQ 
ID NO: 974-1056, or 1160-1172. In some embodiments, the 
amino acid sequence comprises any one of the polypeptide 
sequences of SEQID NO: 974-1056, or 1160-1172. 

In some embodiments, the present disclosure provides a 
recombinant carbonic anhydrase polypeptide in which the 
improved enzyme property is increased stability in the pres 
ence of ammonia characterized by at least 1.3-fold increased 
activity relative to the reference polypeptide of SEQID NO: 
1056 after 24 hours exposure to 8.4 MNH at 70° C. In some 
embodiments, the amino acid sequence of the recombinant 
carbonic anhydrase polypeptide having increased stability in 
the presence of ammonia comprises at least the amino acid 
residue differences relative to SEQID NO: 2: X4M, X15R, 
X30R, X32K, X35A, X56S, X70I, X84Q, X95V, X131L, 
T139Q, V157A, and X221C. In some embodiments, the 
amino acid sequence comprises at least a combination of 
amino acid residue differences relative to SEQ ID NO: 2 
present in any one of the polypeptide sequences of SEQ ID 
NO: 1160-1172. In some embodiments, the amino acid 
sequence comprises any one of the polypeptide sequences of 
SEQID NO: 1160-1172. 
As described in Tables 2A2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, 

and 2J and the Examples, the improved property of increased 
stability and/or increased activity are determined under suit 
able conditions. In some embodiments, improved property 
comprises at least 1.2-fold, at least 1.3-fold, at least 1.5-fold, 
at least 2-fold, at least 3-fold, at least 4-fold, at least 5-fold, at 
least 10-fold, or at least 25-fold increased activity of hydrat 
ing carbon dioxide or dehydrating bicarbonate under Suitable 
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conditions. In some embodiments, the Suitable conditions 
comprise a carbonic anhydrase polypeptide concentration of 
from about 0.1 g/L to about 10 g/L, about 0.25 g/L to about 7.5 
g/L, about 0.5 g/L to about 5g/L, less than 10 g/L, less than 
about 5g/L, or less than about 2.5g/L. In some embodiments, 
the Suitable conditions comprise a loading of solution CO of 
from about C=0.005 to about C=0.4, from about C=0.01 to 
about C-0.3, C-0.015 to about C=0.25, C-0.02 to about 
C=0.2, less than about C=0.3, less than about C=0.25, or less 
than about C.-0.2. 

In some embodiments the improved property is activity 
measured after exposure of the carbonic anhydrase to thermal 
or solvent challenge conditions. Accordingly in some 
embodiments, the increased activity is determined after heat 
ing the recombinant carbonic anhydrase polypeptide and the 
reference polypeptide at a temperature of from about 30°C. to 
60° C. for a period of time of about 60 minutes to about 1440 
minutes. In Such embodiments, the fold-increase in activity 
corresponds to the same fold-increase in thermostability or 
Solvent stability—depending on the challenge conditions. 
Various other challenge conditions may be used as disclosed 
in the Examples and elsewhere herein. 

In some embodiments the improved property is stability in 
the presence of an amine compound and the Suitable condi 
tions comprise a solution comprising an amine compound 
selected from the group consisting of: 2-(2-aminoethy 
lamino)ethanol (AEE), 2-amino-2-hydroxymethyl-1,3-pro 
panediol (AHPD), 2-amino-2-methyl-1-propanol (AMP), 
diethanolamine (DEA), diisopropanolamine (DIPA), N-hy 
droxyethylpiperazine (HEP), N-methyldiethanolamine 
(MDEA), monoethanolamine (MEA), N-methylpiperazine 
(MP), piperazine, piperidine, 2-(2-tert-butylaminoethoxy) 
ethanol (TBEE), triethanolamine (TEA), triisopropanola 
mine (TIA), tris, 2-(2-aminoethoxy)ethanol, 2-(2-tert-buty 
laminopropoxy)ethanol, 2-(2-tert-amylaminoethoxy) 
ethanol. 2-(2-isopropylaminopropoxy)ethanol, 2-(2-(1- 
methyl-1-ethylpropylamino)ethoxy)ethanol, and mixtures 
thereof. In some embodiments, the amine compound is 
selected from AMP, MEA, MDEA, TIA, and mixtures 
thereof. Further, in some embodiments the suitable condi 
tions comprise anamine compoundata concentration of from 
about 1 M to about 10 M, from about 2 M to about 8 M, from 
about 2.5 M to about 6.5 M, from about 3 M to about 5M, at 
least about 2M, at least about 3M, at least about 4.2 M, or at 
least about 5 M. 

Solutions of amine compounds used for carbon dioxide 
absorption from gas streams typically are used at elevated 
temperatures. Accordingly, in Some embodiments the 
improved property is stability in the presence of an amine 
compound and the Suitable conditions comprise a solution 
temperature of from about 40°C. to about 110°C., from about 
40° C. to about 90° C., from about 40° C. to about 80°, from 
about 40°C. to about 70° C., or from about 40°C. to about 60° 
C. 

Solutions containing ammonia that are used for carbon 
dioxide absorption from gas streams can be used at either or 
both chilled temperatures (e.g., for absorption) and elevated 
temperatures (e.g., for desorption of carbon dioxide). Accord 
ingly, in Some embodiments, the improved property is stabil 
ity in ammonia and the Suitable conditions comprise a solu 
tion temperature of from about 0°C. to about 20° C., from 
about 0°C. to about 10°C., from about 5° C. to about 15°C., 
from about 8°C. to about 12°C., less thanabout 15°C., or less 
than about 10° C. Further, in some embodiments the suitable 
conditions comprise an ammonia concentration of about 1 M 
to about 8 M, from about 2 M to about 7 M, from about 3 M 
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to about 6 M, at least about 1 M, at least about 2 M, at least 
about 3M, at least about 4M, or at least about 5 M, or at least 
about 5.6 M. 
Some solutions for the absorption of carbon dioxide from 

gas streams include high concentrations of carbonate ion 
(CO). Typically, the carbonate ion is provided in the form 
of potassium carbonate (KCO) or sodium carbonate 
(NaCO). Accordingly, in some embodiments of the recom 
binant carbonic anhydrase polypeptides, the improved prop 
erty is increased Stability in solution comprising carbonate 
ion under suitable conditions, wherein the suitable conditions 
comprise a solution comprising carbonate ion at a concentra 
tion of about 0.1 MCO, to about 5MCO, from about 0.2 
MCO to about 4 MCO, or from about 0.3 MCO, to 
about 3 MCO. 
The present disclosure also contemplates a recombinant 

carbonic anhydrase polypeptide having at least 1.3-fold, at 
least 1.5-fold, at least 2-fold, at least 3-fold, or at least 5-fold 
increased stability relative to the polypeptide of SEQID NO: 
2, wherein the recombinant polypeptide comprises an amino 
acid sequence having at least 80%, 85%. 86%, 87%, 88%, 
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 
99% identity to SEQID NO: 2, and further comprises a set of 
amino acid residue differences as compared to SEQID NO:2. 
wherein the amino acid differences are based on locations or 
regions in the structure of reference polypeptide (e.g., SEQ 
ID NO: 2) and/or the associated functional properties. 
Accordingly, referring to Table 3, a recombinant carbonic 
anhydrase polypeptide of the present disclosure can include 
an amino acid substitution at a particular residue at a location 
in the structure of the reference polypeptide as identified in 
Table 3. Exemplary substitutions at relevant locations include 
those identified in Tables 2A2B, 2C, 2D, 2E, 2F, 2G, 2H, 2I, 
and 2.J. 

TABLE 3 

Position Structural Location 

X2 Surface Expose 
X3 Surface Expose 
X4 Surface Expose 
X6 Surface Expose 
X7 Surface Expose 
X8 Surface Expose 
X12 Surface Expose 
X13 Buried 
X14 Buried 
X15 Surface Expose 
X16 Surface Expose 
X17 Buried 
X18 Surface Expose 
X19 Surface Expose 
X20 Buried 
X21 Buried 
X22 Surface Expose 
X23 Surface Expose 
X24 Buried 
X25 Surface Expose 
X26 Surface Expose 
X27 Surface Expose 
X28 Surface Expose 
X30 Surface Expose 
X36 Surface Expose 
X37 Surface Expose 
X38 Surface Expose 
X39 Buried 
X41 Surface Expose 
X42 Buried 
X43 Surface Expose 
X44 Surface Expose 
X46 Active Site - Outer Sphere 
X47 Surface Expose 
X48 Buried 
X50 Buried 
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TABLE 3-continued TABLE 3-continued 

Position Structural Location Position Structural Location 

X51 Buried X132 Buried - Dimer-dimer interface region 
X52 Buried 5 X133 Buried - Dimer-dimer interface region 
X53 Buried X134 Dimer-dimer interface region 
XS4 Active Site - Outer Sphere - Buried X135 Active Site - Outer Sphere - Buried - 
X55 Metal Coordinating - Buried Dimer-dimer interface region 
XS6 Active Site - Outer Sphere - Buried X136 Buried - Dimer-dimer interface region 
X57 Metal Coordinating - Buried X137 Buried - Dimer-dimer interface region 
X58 Active Site - Outer Sphere - Buried 10 X138 Dimer-dimer interface region 
X59 Active Site - Outer Sphere - Buried X139 Buried - Dimer-dimer interface region 
X60 Active Site - Outer Sphere - Buried X140 Dimer-dimer interface region 
X61 Buried X141 Dimer-dimer interface region 
X62 Buried X142 Buried - Dimer-dimer interface region 
X63 Buried X143 Buried - Dimer-dimer interface region 
X64 Buried 15 X144 Buried - Dimer-dimer interface region 
X6S Buried X145 Dimer-dimer interface region 
X66 Buried X146 Buried - Dimer-dimer interface region 
X67 Buried X147 Surface Exposed - Dimer-dimer interface region 
X68 Buried X148 Surface Exposed - Dimer-dimer interface region 
X69 Buried X149 Surface Exposed - Dimer-dimer interface region 
X70 Buried X1SO Surface Expose 
X71 Buried 2O X151 Buried 
X72 Buried X152 Surface Expose 
X73 Buried X153 Surface Expose 
X74 Active Site - Outer Sphere - Buried X154 Surface Expose 
X75 Buried X155 Surface Expose 
X76 Active Site - Outer Sphere -Buried X156 Surface Expose 
X77 Active Site - Outer Sphere - Buried 25 X157 Burie 
X78 Active Site - Outer Sphere - Buried X158 Active Site - Outer Sphere - Buried 
X79 Active Site - Inner Sphere - Buried X160 Burie 
X80 Active Site - Inner Sphere - Buried X161 Active Site - Outer Sphere - Buried 
X81 Active Site - Outer Sphere - Buried X162 Burie 
X82 Active Site - Outer Sphere - Buried X163 Surface Expose 
X83 Burie 30 X164 Dimer-dimer interface region 
X84 Buried - Dimer-dimer interface region X16S Buried - Dimer-dimer interface region 
X85 Buried - Dimer-dimer interface region X166 Buried - Dimer-dimer interface region 
X86 Burie X167 Dimer-dimer interface region 
X87 Burie X168 Dimer-dimer interface region 
X88 Burie X169 Buried - Dimer-dimer interface region 
X89 Burie 35 X170 Dimer-dimer interface region 
X90 Active Site - Outer Sphere - Buried X171 Dimer-dimer interface region 
X91 Burie X172 Buried - Dimer-dimer interface region 
X92 Burie X173 Buried - Dimer-dimer interface region 
X93 Active Site - Outer Sphere X174 Dimer-dimer interface region 
X94 Active Site - Outer Sphere - Buried X175 Dimer-dimer interface region 
X95 Burie X176 Buried - Dimer-dimer interface region 
X97 Active Site - Outer Sphere - Surface Exposed 40 X177 Surface Exposed - Dimer-dimer interface region 
X98 Active Site - Outer Sphere - Surface Exposed X178 Surface Exposed 
X100 Burie X181 Surface Exposed 
X101 Burie X182 Surface Exposed 
X102 Burie X184 Surface Exposed 
X103 Burie X18S Buried 
X104 Burie 45 X186 Buried 
X105 Burie X187 Buried 
X106 Active Site - Outer Sphere - Buried X188 Buried 
X107 Active Site - Outer Sphere - Buried X189 Buried 
X108 Metal Coordinating - Buried X190 Buried 
X109 Active Site - Outer Sphere X191 Buried 
X110 Active Site - Outer Sphere - Surface Exposed 50 X192 Active Site - Outer Sphere - Buried 
X111 Metal Coordinating - Buried X193 Surface Expose 
X112 Active Site - Inner Sphere X194 Active Site - Outer Sphere - Buried 
X113 Active Site - Inner Sphere - Buried X195 Surface Expose 
X114 Active Site - Outer Sphere - Buried X196 Surface Expose 
X115 Active Si e - Outer Sphere - Surface Exposed X197 Buried 
X116 Active Si e - Outer Sphere 55 X198 Surface Expose 
X11 7 Active Site - Outer Sphere - Buried X199 Buried 
X119 surface Expose X200 Surface Expose 
X120 Buried - Dimer-dimer interface region 
X121 Buried - Dimer-dimer interface region X2O1 Surface Expose 

X2O2 Surface Expose 
X122 Surface Exposed - Dimer-dimer interface region 
X123 Surface Exposed - Dimer-dimer interface region X2O3 Buried 
X124 Buried - Dimer-dimer interface region 60 X204 Surface Expose 
X125 Buried - Dimer-dimer interface region X205 Surface Expose 
X126 Surface Exposed - Dimer-dimer interface region X2O7 Surface Expose 
X127 Dimer-dimer interface region X208 Surface Expose 
X128 Dimer-dimer interface region X209 Surface Expose 
X129 Surface Exposed - Dimer-dimer interface region 
X130 Buried - Dimer-dimer interface region 65 “inner sphere' - residue has an atom within 4.5 angstroms of the bound metal at active site, 
X131 Buried - Dimer-dimer interface region "outer sphere' - residue within 4.5 angstroms of an inner sphere residue, 
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In some embodiments, any of the recombinant carbonic 
anhydrase polypeptides having at least 1.3-fold, at least 1.5- 
fold, at least 2-fold, at least 3-fold, or at least 5-fold increased 
stability relative to the polypeptide of SEQID NO: 2 and an 
amino acid sequence having at least 80%, 85%. 86%, 87%, 
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, or 99% identity to SEQID NO: 2, can further comprise 
at least one amino acid residue difference selected from each 
of at least two of the following seven sets (i.e., (a) through (g)) 
of amino acid residue differences: (a) X2R; X2T: X4F; (b) 
X121H: X121K; X121L: X121Q: X121T: X121 V: X121W: 
X144A: X144L: X178G; (c) X139H; X 139K; X139M; (d) 
X30A; X30L, X30O: X30R: X40L: X40W: X68A: X96A: 
X96C; X96E: X96K; X119K; X119L: X119M: X119T; 
X120R; (e)X35R: X124G:X147E:X147F: X147G: X147T: 
X159H; X159R: (f) X31P; and (g) X56S: X84N; X84Q; 
X84S. In some embodiments, the recombinant carbonic 
anhydrase polypeptide amino acid sequence comprises one 
amino acid residue difference selected from each of at least 
two, three, four, five, six, or all seven of the sets of amino acid 
residue differences. 

Structural modeling and homology analysis indicate that 
the wild-type B-class carbonic anhydrase polypeptide from 
D. vulgaris of SEQ ID NO: 2 can form a dimer-of-dimers 
protein structure. The dimer-dimer interface regions occurat 
amino acid positionsX84-X85,X120-X149, and X164-X177 
of the wild-type polypeptide monomer of SEQID NO: 2. In 
particular, strong dimer-dimer interface region interactions 
can occur between amino acids at residue positions X121 
X126 of one monomer with amino acids at residue positions 
X144-X149 of the opposite monomer of the dimer. It is a 
surprising discovery of the present disclosure based on the 
amino acid differences found in the exemplary engineered 
carbonic anhydrase polypeptides of Tables 2G, 2I, and 2J, that 
amino acid residue differences providing positively charged 
lysine (K) or arginine (R) residues in the positions of the 
dimer-dimer interface region provide increased Stability in 
the presence of amine compounds, Such as MDEA. Accord 
ingly, in Some embodiments, the present disclosure provides 
a recombinant carbonic anhydrase polypeptide having 
increased stability in the presence of amine compound rela 
tive to the wild-type B-class carbonic anhydrase of SEQ ID 
NO: 2, wherein the polypeptide comprises an amino acid 
sequence having at least 80% identity to SEQID NO: 1152 
and at least 2, at least 3, at least 4, at least 5, or more lysine (K) 
and/or arginine (R) residues substituted at positions X84 
X85,X120-X149, and/or X164-X177 relative to SEQID NO: 
2. In some embodiments, the recombinant carbonic anhy 
drase polypeptide comprises at least 2, at least 3, at least 4, or 
at least 5 lysine (K) residues and/or arginine (R) residues 
substituted at positions X121-X126 and/or at positions X144 
X149 relative to SEQID NO: 2. In some embodiments, the at 
least 2, at least 3, at least 4, or at least 5 lysine (K) residue 
and/or arginine (R) residue Substitutions are selected from: 
X84K, X84R, X120R, X121K, X 123K, X124R, X129K, 
X129R, X139K, X143R, X144R, and X148K. In some 
embodiments, the at least 2, at least 3, at least 4, or at least 5 
lysine (K) residues and/or arginine (R) residues Substitutions 
are selected from: X84R, X 123K, X124R, X129K, X129R, 
X143R, X144R, and X148K. In some embodiments, the 
recombinant carbonic anhydrase polypeptide with increased 
stability comprising an amino acid sequence having at least 
80% identity to SEQID NO: 1152 and lysine (K) residues or 
arginine (R) residues substituted at positions X121-X126 
and/or at positions X144-X149 relative to SEQ ID NO: 2, 
further is characterized in having at least 30% residual activ 
ity following exposure to a solution comprising 4.2 MMDEA 
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at 50° C. for a period of time of at least about 1 day, 4 days, 7 
days, 12 days, 14 days, or longer. 
An analysis of the amino acid sequences of other naturally 

occurring B-class homologs which have more than 40% iden 
tity to SEQID NO: 2, shows that approximately 85% have a 
valine at position X60. The B-class carbonic anhydrase from 
D. vulgaris of SEQID NO: 2 has an alanine at position X60. 
Structurally, the alanine at position X60 of SEQ ID NO: 2 
resides just outside the metal binding site but contacts three of 
the four zinc coordinating residues C55, D57, and H108. 
Without being bound by mechanism, the structure-function 
correlation between the alanine at positionX60so close to the 
metal binding site and increased beta-class specific activity 
Suggests that the Volumetric change resulting from alanine 
rather than valine at position X60 results in greater active site 
flexibility, which in turn results in the greater catalytic effi 
ciency of the B-class carbonic anhydrase from D. vulgaris 
even at lower temperatures (e.g., 5° C. to 15° C.). 

In some embodiments, the present disclosure provides a 
B-class carbonic anhydrase polypeptide capable of hydrating 
carbon dioxide in a solution comprising an amine compound 
or ammonia, wherein the polypeptide comprises an amino 
acid sequence at least about 70%, 71%, 72%, 73%, 74%, 
75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 
85%. 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 
95%, 96%, 97%, 98%, or 99% identical to any one of beta 
carbonic anhydrases polypeptides of SEQ ID NO:2, 1174, 
1176, 1178, 1180, or 1182, and has an alanine residue at 
positionX60 relative to SEQID NO: 2. In some embodiments 
of the B-class carbonic anhydrase polypeptides the amino 
acid sequence can further comprise one or more of the fol 
lowing amino acid residue differences relative to SEQID NO: 
2: X2R: X2T: X4F: X4M: X15R: X16S: X22G, X30A: 
X30K; X30L, X30O; X30R: X31P: X32K; X32R: X34H; 
X35A: X35R: X36T: X37C; X37R: X40L: X40O; X40W: 
X42A; X43M: X43V: X47R: X56S: X60C; X60V: X68A: 
X68G: X68V: X70I; X84K; X84N; X84Q: X84R: X84S: 
X86A: X93W, X95V: X96A: X96C; X96E: X96K; X97F: 
X119K; X119L: X119M: X119T; X120R: X121H: X121K; 
X121L: X121Q: X121T: X121 V: X121W: X124F: X 124G: 
X124R: X131L: X131F: X138F: X138L: X138W: X139H; 
X139K; X 139M: X139Q: X142L: X143M: X143R; X144A; 
X144L: X145C; X145F: X 145L X145W: X147E: X147F: 
X147G: X147T X148A: X148C; X148T X156L: X157A: 
X159H; X159R: X159V: X168E: X17OF: X178G: X200R; 
X207E: X207N; X213E: X213Q: X219T; X221C; X222C; 
X223C; and X223Q. 

In addition to the residue positions specified above, any of 
the recombinant carbonic anhydrase polypeptides disclosed 
herein can further comprise other residue differences relative 
to SEQ ID NO:2 at other residue positions. Residue differ 
ences at these other residue positions provide for additional 
variations in the amino acid sequence without adversely 
affecting the ability of the recombinant carbonic anhydrase 
polypeptide to carry out the hydration of carbon dioxide to 
bicarbonate and/or increased stability relative to the polypep 
tide of SEQID NO: 2. In some embodiments, the polypep 
tides can have additionally 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 
1-9, 1-10, 1-11, 1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 
1-26, 1-30, 1-35, 1-40 residue differences at otheramino acid 
residue positions as compared to the reference sequence. In 
some embodiments, the number of differences can be 1, 2, 3, 
4, 5, 6,7,8,9, 10, 11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35, 
and 40 residue differences at other residue positions. The 
residue difference at these other positions can include con 
servative changes or non-conservative changes. In some 
embodiments, the residue differences can comprise conser 
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Vative Substitutions and non-conservative Substitutions as 
compared to the wild-type carbonic anhydrase of SEQ ID 
NO: 2. 

In some embodiments, the present disclosure provides 
recombinant carbonic anhydrase polypeptides that comprise 
deletions of the recombinant carbonic anhydrase polypep 
tides expressly described herein. Thus, for each and every 
embodiment comprising an amino acid sequence, there is 
another embodiment comprising a sequence having one or 
more amino acid deletions, 2 or more amino acid deletions, 3 
or more amino acid deletions, 4 or more amino acid deletions, 
5 or more amino acid deletions, 6 or more amino acid dele 
tions, 8 or more amino acid deletions, 10 or more amino acid 
deletions, 15 or more amino acid deletions, or 20 or more 
amino acid deletions, up to 10% of the total number of amino 
acids deleted, up to 20% of the total number of amino acids 
deleted, as long as the functional activity of the polypeptide 
with respect to the hydration of carbon dioxide to bicarbonate 
with increased Stability is present. In some embodiments, the 
deletions can comprise, 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 
1-10, 1-11, 1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 
1-26, 1-30, 1-35, or 1-40 amino acid residues. In some 
embodiments, the number of deletions can be 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10, 11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35, or 40 
amino acids. In some embodiments, the deletions can com 
prise deletions of 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 
16, 18, or 20 amino acid residues. 

In some embodiments, the polypeptides can comprise frag 
ments of the recombinant carbonic anhydrase polypeptides 
described herein. In some embodiments, the fragments can 
have about 80%, 90%, 95%, 98%, and 99% of the full-length 
polypeptide, e.g., the polypeptide of SEQID NO:2, as long as 
the functional activity of the polypeptide with respect to the 
hydration of carbon dioxide to bicarbonate with increased 
stability is present. 

In some embodiments, the polypeptides of the disclosure 
can be in the form of fusion polypeptides in which the recom 
binant carbonic anhydrase polypeptides are fused to other 
polypeptides, such as, by way of example and not limitation, 
antibody tags (e.g., myc epitope), purifications sequences 
(e.g., His tags for binding to metals), and cell localization 
signals (e.g., secretion signals). Thus, the recombinant car 
bonic anhydrase polypeptides described herein can be used 
with or without fusions to other polypeptides. 

The polypeptides described herein are not restricted to the 
naturally-occurring genetically encoded L-amino acids but 
also include the D-enantiomers of the genetically-encoded 
amino acids. In addition to the genetically encoded amino 
acids, the polypeptides described herein may be comprised, 
either in whole or in part, of naturally-occurring and/or syn 
thetic non-encoded amino acids that are known in the art (see, 
e.g., the various amino acids provided in Fasman, 1989, CRC 
Practical Handbook of Biochemistry and Molecular Biology, 
CRC Press, Boca Raton, Fla., at pp. 3-70 and the references 
cited therein, all of which are incorporated by reference). For 
example, conformationally constrained non-encoded amino 
acids of which the polypeptides described herein may be 
composed include: N-methylamino acids (L-configuration); 
1-aminocyclopent-(2 or 3)-ene-4-carboxylic acid; pipecolic 
acid; azetidine-3-carboxylic acid; homoproline (hPro); and 
1-aminocyclopentane-3-carboxylic acid. Additionally, those 
of skill in the art will recognize that amino acids bearing side 
chain protecting groups may also comprise the polypeptides 
described herein—e.g., Arg(tos), Cys(methylbenzyl), Cys 
(nitropyridinesulfenyl), Gluco-benzylester), Gln(xanthyl), 
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ASn(N-6-xanthyl). His(bom), His(benzyl). His(tos), Lys(fi 
noc), Lys(tos), Ser(O-benzyl), Thr (O-benzyl) and Tyr(O- 
benzyl). 
As described above the various modifications introduced 

into the naturally occurring polypeptide to generate an engi 
neered carbonic anhydrase enzyme can be targeted to a spe 
cific property of the enzyme. 
Any of the above-described carbonic anhydrase polypep 

tides useful for chemical modification can be prepared by the 
ordinary artisan using the polynucleotide sequences dis 
closed herein (e.g., in Tables and Sequence Listing) and stan 
dard molecular biology and biochemical techniques for fur 
ther mutagenesis, preparation, isolation, purification, and 
manufacture of the enzymes. For example, the disclosed 
polynucleotides may be operatively linked to one or more 
heterologous regulatory sequences that control gene expres 
sion to create a recombinant polynucleotide capable of 
expressing the polypeptide. Expression constructs containing 
a heterologous polynucleotide encoding the engineered car 
bonic anhydrase can be introduced into appropriate host cells 
to express the corresponding carbonic anhydrase polypep 
tide. Manipulation of the isolated polynucleotide prior to its 
insertion into an expression vector may be desirable or nec 
essary depending on the expression vector. The techniques 
for modifying polynucleotides and nucleic acid sequences 
utilizing recombinant DNA methods are well known in the 
art. Guidance is provided in Sambrook et al., 2001, Molecular 
Cloning: A Laboratory Manual, 3rd Ed., Cold Spring Harbor 
Laboratory Press; and Current Protocols in Molecular Biol 
ogy, Ausubel. F. ed., Greene Pub. Associates, 1998, updates to 
2006. Example 1 of the present disclosure provides exem 
plary techniques. 

Additionally, methods for producing the above-described 
carbonic anhydrase polypeptides in host cells are well-known 
to the skilled artisan. For example, polynucleotides for 
expression of the carbonic anhydrase may be introduced into 
host cells by various methods known in the art. Techniques 
include among others, electroporation, biolistic particle bom 
bardment, liposome mediated transfection, calcium chloride 
transfection, and protoplast fusion. In some embodiments, 
more than one copy of a polynucleotide sequence is inserted 
into a host cell to increase production of the gene product. An 
increase in the copy number of the nucleic acid sequence can 
be obtained by integrating at least one additional copy of the 
sequence into the host cell genome or by including an ampli 
fiable selectable marker gene with the nucleic acid sequence 
where cells containing amplified copies of the selectable 
marker gene, and thereby additional copies of the nucleic acid 
sequence, can be selected for by cultivating the cells in the 
presence of the appropriate selectable agent. 
An exemplary host cells for use in producing the recombi 

nant carbonic anhydrase polypeptides of the present disclo 
sure is Escherichia coli W3110 and Escherichia coli BL21. 
An expression vector encoding an improved carbonic anhy 
drase of the present disclosure can be created by operatively 
linking a polynucleotide into the plasmid pCK110900 (see, 
U.S. application publication 2004.0137585) operatively 
linked to the lac promoter under control of the lad repressor. 
The expression vector also contained the P15a origin of rep 
lication and the chloramphenicol resistance gene. Cells con 
taining the subject polynucleotide in Escherichia coli W3110 
can be isolated by Subjecting the cells to chloramphenicol 
selection. Example 1 of the present disclosure provides exem 
plary techniques. 
The carbonic anhydrase enzymes expressed in a host cell 

can be recovered from the cells and or the culture medium 
using any one or more of the well known techniques for 
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protein purification, including, among others, lysozyme treat 
ment, Sonication, filtration, salting-out, ultra-centrifugation, 
and chromatography. Suitable solutions for lysing and the 
high efficiency extraction of proteins from bacteria, Such as E. 
coli, are commercially available under the trade name Cel 
Lytic BTM from Sigma-Aldrich of St. Louis Mo. Addition 
ally, due to their enhanced thermostability, the engineered 
carbonic anhydrase polypeptides of the present disclosure 
can be recovered, isolated and/or purified from other cellular 
protein components by heat purification. Typically, after heat 
ing the desired engineered carbonic anhydrase remains in 
solution due its increased thermostability, but all or nearly all 
of the other protein components in the solution denature and 
can be separated easily from the Solution by e.g., centrifuga 
tion. Methods for recovery of thermostable proteins by heat 
purification are well-known in the art. 

8.5. Methods of Using Chemically Modified 
Carbonic Anhydrase Polypeptides 

The chemically modified carbonic anhydrase enzymes 
described herein can catalyze both the forward and reverse 
reactions depicted in Scheme 1. In certain embodiments, the 
chemically modified carbonic anhydrase of the present dis 
closure can be used to hydrate carbon dioxide in the form of 
bicarbonate and a proton, which in turn, will be converted to 
carbonate and/or a mixture of bicarbonate and carbonate at an 
elevated pH. In other embodiments, a chemically modified 
carbonic anhydrase of the disclosure can be used to dehydrate 
carbon dioxide by reaction at a relatively acidic pH, thereby 
catalyzing the release of hydrated CO from solution. 

Accordingly, in Some embodiments the present disclosure 
provides methods for removing carbon dioxide from a gas 
stream (e.g., capturing or extracting CO gas) comprising the 
step of contacting the gas stream with a homogenous liquid 
Solution under Suitable conditions, wherein the solution com 
prises: (i) a chemically modified carbonic anhydrase 
polypeptide of the disclosure (e.g., chemically modified 
polypeptide having improved property Such as increased 
activity, thermostability and/or solvent stability); and (ii) a 
CO absorption mediating compound (e.g., ammonia, or an 
amine compound such as MDEA); whereby carbon dioxide 
from the gas stream is absorbed into the Solution (e.g., CO 
gas diffuses into Solution and is hydrated to bicarbonate). 

In some embodiments, the methods of use can be carried 
out wherein the chemically modified carbonic anhydrase 
polypeptide used is capable of catalyzing the hydration of 
carbon dioxide to bicarbonate or the reverse dehydration of 
bicarbonate to carbon dioxide with increased activity relative 
to the same carbonic anhydrases that are not chemically 
modified (and other known naturally occurring carbonic 
anhydrases) after exposure to high concentrations of CO 
absorption mediating compound and/or thermal (e.g., T40 
C.). For example, in some embodiments, a chemically modi 
fied carbonic anhydrase of the present disclosure is used 
having carbonic anhydrase activity in 4.2 MMDEA at 50° C. 
that is increased (e.g., at least 1.5-fold, at least 2-fold, at least 
4-fold, or even at least 5-fold increased) relative to the activity 
of the same carbonic anhydrase polypeptide that is not chemi 
cally modified (i.e., unmodified). Similarly, in some embodi 
ments of the methods, the chemically modified carbonic 
anhydrase used is characterized by stability in 4.2 MMDEA 
at 75° C. that is increased (e.g., at least 1.5-fold, at least 
2-fold, at least 4-fold, or even at least 5-fold increased) rela 
tive to the carbonic anhydrase polypeptide when it is not 
chemically modified. 
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The chemically modified carbonic anhydrase polypeptides 

having these (and other) improved properties useful in the 
methods include those disclosed elsewhere herein, include 
those provided in the Examples. In some embodiments, the 
method of use can be carried out wherein the carbonic anhy 
drase polypeptide chemically modified by treatment with a 
cross-linking agent is a naturally occurring carbonic anhy 
drase selected from an O-class, Y-class, f-class, or S-class 
carbonic anhydrase, or a recombinant (or engineered) car 
bonic anhydrase derived from a naturally occurring C-class, 
Y-class, f-class, or S-class carbonic anhydrase. In some 
embodiments, the polypeptide is an O-class carbonic anhy 
drase that comprises an amino acid sequence selected from 
the group consisting of SEQID NO: 1298, 1300, 1302, 1304, 
1306, and 1308, or a recombinant carbonic anhydrase 
polypeptide derived from any one of these C-class carbonic 
anhydrase sequences. 

In some embodiments of the methods, the carbonic anhy 
drase polypeptide is a recombinant B-class carbonic anhy 
drase polypeptide derived from the wild-type Desulfovibrio 
vulgaris carbonic anhydrase comprising the amino acid 
sequence of SEQ ID NO: 2, or derived from a sequence 
homolog of SEQID NO: 2 selected from the group consisting 
of SEQ ID NO: 1288, 1290, 1292, 1294, and 1296. Engi 
neered polypeptides useful in embodiments of the method are 
provided in Tables 2A, 2B, 2C, 2D, 2E, 2F, 2G,2H, 2I, and 2.J. 
In some embodiments, the carbonic anhydrase polypeptide 
amino acid sequence comprises an even-numbered amino 
acid sequence selected from any one of SEQID NO: 4-1286. 
In Such embodiments comprising a polypeptide based on the 
B-class polypeptide of SEQID NO: 2, the carbonic anhydrase 
polypeptide amino acid sequence has surface lysine residues 
at the following positions (relative to SEQ ID NO: 2): X18, 
X37, X147, X156, X184, or X198. Accordingly, in some 
embodiments of the methods the polypeptide is a recombi 
nant B-class carbonic anhydrase having an amino acid 
sequence derived from SEQID NO: 2, and the treatment with 
a cross-linking agent results in a carbonic anhydrase polypep 
tide having a chemically modified lysine residue at one or 
more of the following positions relative to SEQ ID NO: 2: 
X18, X37, X147, X156, X184, or X198. In some embodi 
ments of the methods of use, the carbonic anhydrase polypep 
tide amino acid sequence comprises at least the following 
amino acid residue difference relative to SEQ ID NO: 2: 
X56S. In some embodiments, the carbonic anhydrase 
polypeptide amino acid sequence comprises at least the fol 
lowing amino acid residue difference relative to SEQID NO: 
2: X30R, X40L, X56S, X84Q, X120R, and X139M. In some 
embodiments of the methods of use, the carbonic anhydrase 
polypeptide amino acid sequence an amino acid sequence 
selected from any one of SEQID NO: 26, 190,206,238,252, 
270, 274, 284,306, 318, 328,332, 340, 354,596,606, 656, 
678, 1080, 1110, 1148, 1152, 1156, and 1158. 

In some embodiments of the method of use, the polypep 
tide is characterized by an amino acid sequence having at 
least 80% identity to SEQID NO:2 and at least one residue 
chemically modified by treatment with a cross-linking agent 
selected from the group consisting of glutaraldehyde, dim 
ethyl suberimidate, dimethyl pimelimidate, suberic acid bis 
(N-hydroxySuccinimide), and mixtures thereof. In some 
embodiments, the at least one residue that is chemically 
modified by treatment with a cross-linking agent is a surface 
lysine residue at one or more of the following positions rela 
tive to SEQ ID NO: 2: X18, X37, X147, X156, X184, or 
X198. 

In some embodiments, the methods of removing carbon 
dioxide from a gas stream using a chemically modified car 
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bonic anhydrase can be carried out wherein the carbonic 
anhydrase polypeptide that is chemically modified comprises 
a naturally occurring B-class carbonic anhydrase polypeptide 
of any one of SEQ ID NO: 2, 1288, 1290, 1292, 1294, and 
1296. In some embodiments, the methods can be carried out 
using the carbonic anhydrase polypeptide of SEQID NO: 2. 
In some embodiments, the methods can be carried out using a 
B-class carbonic anhydrase polypeptide, wherein the 
polypeptide comprises an amino acid sequence at least about 
70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 
80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% 
identical SEQID NO:2 and has an alanine residue at position 
X60 relative to SEQID NO: 2. 

In some embodiments, the methods of removing carbon 
dioxide from a gas stream using a chemically modified car 
bonic anhydrase can be carried out wherein the carbonic 
anhydrase polypeptide that is chemically modified comprises 
an amino acid sequence that is at least about 85%. 86%, 87%, 
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, or 99% identical to the amino acid sequence of SEQID 
NO:2, and comprises one or more amino acid differences 
relative to SEQID NO: 2 selected from the group consisting 
of: X2R: X2T: X4F: X4M: X15R: X16S: X22G, X30A: 
X30K; X30L, X30O; X30R: X31P: X32K; X32R: X34H; 
X35A: X35R: X37R: X40L: X40O; X40W: X42A; X43M; 
X43V: X47R: X56S: X60C; X60V: X68A: X68G: X70I; 
X84K; X84N; X84Q: X84R: X84S: X86A: X95V: X96A: 
X96C; X96E: X96K; X97F: X119K; X119L: X119M; 
X119T; X120R: X121H: X121K; X121L: X121Q: X121T: 
X121V: X121W: X124G: X124R: X131L: X138F: X138L; 
X138W:X139H:X139K;X139M;X139Q:X142L:X143M; 
X144A: X144L: X145C; X145F: X 145W: X147E: X147F: 
X147G: X147T X148A: X148T X157A: X159H; X159R; 
X159V: X168E: X17OF: X178G: X200R: X207E: X207N, 
X213E: X213Q: X219T; X221C: X222C; X223C; and 
X223Q. The foregoing carbonic anhydrase polypeptides may 
further comprise additional modifications, including Substi 
tutions, deletions, insertions, or combinations thereof. The 
Substitutions can be non-conservative Substitutions, conser 
Vative substitutions, or a combination of non-conservative 
and conservative Substitutions. In some embodiments, these 
carbonic anhydrase polypeptides can have optionally from 
about 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1-11, 1-12, 
1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-25, 1-30, 1-35 or 
about 1-40 mutations at other amino acid residues. In some 
embodiments, the number of modifications can be 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, 11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35 
or about 40 other amino acid residues. 

In certain embodiments, the methods can be carried out 
using a chemically modified carbonic anhydrase polypeptide 
of the present disclosure, wherein the polypeptide comprises 
an amino acid sequence selected from the amino acid 
sequences of SEQID NO: 4-1286 (which correspond to the 
even-numbered sequence identifier numbers from 4 to 1286, 
inclusive). 

In some embodiments of the methods of use, the cross 
linking agent is selected from the group consisting of a dial 
dehyde, a bis-imidate ester, a bis(N-hydroxysuccinimide) 
ester, a diacid chloride, and mixtures thereof. In some 
embodiments, the specific cross-linking agent is selected 
from the group consisting of malondialdehyde, glutaralde 
hyde, dimethyl suberimidate, dimethyl pimelimidate, suberic 
acid bis(N-hydroxysuccinimide), and mixtures thereof. In 
Some embodiments, the cross-linking agent is a dialdehyde 
having optionally one or more carbonatoms between the two 
aldehyde groups, for example wherein the dialdehyde is 
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selected from the group consisting of glyoxal. Succindialde 
hyde, malondialdehyde, glutaraldehyde, and mixtures 
thereof. In a particular embodiment, the cross-linking agent is 
glutaraldehyde. In some embodiments, the cross-linking 
agent is an imidate ester, and in particular embodiments, a 
bis-imidate ester having optionally one or more carbonatoms 
between the two imidate ester groups. Useful imidate esters 
include bis-imidate esters having at least 1 carbon atoms 
between the two imidate ester groups, including but not lim 
ited to: imidate esters (such as methyl or ethyl) of malonimi 
date. Succinimidate, glutarimidate, adipimidate, pimelimi 
date, and Suberimidate. 

In some embodiments of the methods of use, the cross 
linking agent is a bis(N-hydroxySuccinimide) ester of a di 
carboxylic acid that forms an irreversible chemical modifica 
tion of the polypeptide. Useful bis(N-hydroxysuccinimide) 
esters include those prepared from an di-carboxylic acid 
selected from the group consisting of malonate, Succinate, 
glutarate, adipate, pimelate, Suberate, and mixtures thereof. 
Accordingly, in particular embodiments of the soluble com 
position, the cross-linking agent is a bis(N-hydroxysuccinim 
ide) ester of a di-carboxylic acid selected from the group 
consisting of malonate. Succinate, glutarate, adipate, pime 
late, Suberate, and mixtures thereof. 

In other embodiments, the methods of use of the present 
disclosure can comprise further steps of isolating and/or sepa 
rately treating the solution comprising the absorbed carbon 
dioxide. In some embodiments, the carbon dioxide gas in the 
Solution is desorbed (i.e., stripped) by contacting the isolated 
Solution with protons (i.e., acidify) and a chemically modified 
carbonic anhydrase polypeptide, which may be the same or 
different than the polypeptide used in the absorption step, 
thereby converting the hydrated carbon dioxide to carbon 
dioxide gas and water. In some embodiments, the desorption 
of carbon dioxide from this separate solution can be carried 
out at significantly higher temperatures, and/or under lower 
pressure (e.g., vacuum) conditions that can require a carbonic 
anhydrase polypeptide (modified or unmodified) having dif 
ferent stability characteristics. Thus, it is contemplated that 
the Solution can be removed from contact with the gas stream 
(e.g., isolated after some desired level of hydrated carbon 
dioxide is reached) and further treated with a chemically 
modified or unmodified carbonic anhydrase to convert the 
bicarbonate in Solution into carbon dioxide gas, which is then 
released from the Solution and sequestered, e.g., into a pres 
surized chamber. 

In some embodiments, the methods for removing carbon 
dioxide from a gas stream of the present disclosure can com 
prise a further desorption step comprising exposing the solu 
tion comprising the chemically modified carbonic anhydrase 
polypeptide and absorbed carbon dioxide to suitable condi 
tions for desorbing the carbon dioxide from the solution. In 
some embodiments, the suitable conditions for desorbing the 
carbon dioxide from the solution comprise heating the solu 
tion to an elevated temperature. In some embodiments, the 
suitable conditions for desorbing the carbon dioxide from the 
Solution comprise exposing the Solution to low pressure or a 
vacuum. (See e.g., Publ. U.S. Appl. No. 2007/0256559A1.) 
In some embodiments of the methods using the chemically 
modified carbonic anhydrase polypeptides of the present dis 
closure (which exhibit increased stability at elevated tem 
peratures), the elevated temperatures for desorption can com 
prise a temperature of from about 40°C. to about 120° C. 
from about 50° C. to about 100° C., from about 50° C. to about 
90° C., or at least about 40°C., at least about 50° C., at least 
about 60°C., at least about 70° C., at least about 80°C., or at 
least about 90° C. 
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In other embodiments, the further step of isolating the 
Solution comprising the hydrated carbon dioxide is carried 
out and no further chemically modified carbonic anhydrase 
polypeptide is added to the solution. Instead the solution 
which is enriched in bicarbonate (i.e., hydrated carbon diox 
ide) can be used in processes that react with the bicarbonate to 
effectively sequester the carbon dioxide in another chemical 
form. 

In some embodiments, the chemically modified carbonic 
anhydrases and associated methods for removing (e.g., 
extracting and sequestering) carbon dioxide from a gas 
stream disclosed herein can be used in existing systems that 
use a solution for absorbing carbon dioxide from e.g., flue 
gas. Equipment, processes, and methods for carbon dioxide 
capture and sequestration using solutions into which carbon 
dioxide is absorbed (i.e., captured by diffusing from gas 
stream into the liquid solution) and/or from which carbon 
dioxide is desorbed (i.e., extracted by diffusing from liquid 
Solution into gas phase) are described in e.g., U.S. Pat. Nos. 
6,143,556, 6,524,843 B2, 7,176,017 B2, 7,596,952 B2, 
7,641,717 B2, 7,645,430 B2, 7,579,185 B2, 7,740,689 B2, 
7,132,090 B2; U.S. Pat. Publ. Nos. 2007/0004023A1, 2007/ 
0256559A1, 2009/0155889A1, 2010/0086983A1: PCT 
Publ. Nos. WO98/55210A1, WO2004/056455A1, WO2004/ 
028667A1, WO2006/089423A1, WO2008/072979A1, 
WO2009/000025A1, WO2010/020017A1, WO2010/ 
014773A1, WO2010/045689A1, each of which is hereby 
incorporated by reference herein. 

Methods for linking (covalently or non-covalently) 
enzymes to Solid-phase particles (e.g., porous or non-porous 
beads, or Solid Supports) Such that they retain activity for use 
in bioreactors are known in the art. Methods for treating a gas 
stream using immobilized enzymes are described in e.g., U.S. 
Pat. No. 6,143,556, U.S. patent publication no. 2007/ 
0004023A1, and PCT publications WO98/55210A1, 
WO2004/056455A1, WO2004/028667A1, WO2011/ 
014955A1, WO2011/014.956A1, and WO2011/014957A1, 
each of which is hereby incorporated by reference herein. 
Accordingly, in alternative embodiments, the methods for 
removing carbon dioxide from a gas stream can be carried out 
wherein a chemically modified carbonic anhydrase polypep 
tide of the present disclosure is immobilized on a surface, for 
example linked to the Surface of a solid-phase particle (e.g., 
beads) in the solution. Such methods result in a biphasic (or 
heterogeneous) solution comprising the immobilized chemi 
cally modified carbonic anhydrase polypeptide and the solu 
tion comprising CO and a CO absorption mediating com 
pound. In such embodiments, the methods using immobilized 
chemically modified carbonic anhydrase polypeptides can be 
carried out wherein the method further comprises a step of 
isolating or separating the immobilized chemically modified 
carbonic anhydrase polypeptide from the solution. After 
separating the immobilized chemically modified carbonic 
anhydrase from the solution, the solution can be treated to 
conditions that may inactivate the enzyme, e.g., desorption of 
CO, at high temperatures. Further, the separately retained 
immobilized enzyme can be added to another solution and 
reused. 

In various embodiments, the methods of removing carbon 
dioxide from a gas stream using a chemically modified car 
bonic anhydrase polypeptide disclosed herein may be carried 
out under a range of suitable conditions. Suitable conditions 
can be determined by routine experimentation that includes, 
but is not limited to, contacting the solution containing the 
chemically modified carbonic anhydrase polypeptide with 
CO at an experimental condition (e.g., amine concentration, 
temperature, CO loading) and then detecting the relevant 
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activity (e.g., rate of CO2 absorption), for example, using the 
methods described in the Examples provided herein. 
The ordinary artisan also will recognize that certain Suit 

able conditions can be selected that favor the absorption of 
carbon dioxide into a solution (e.g., via hydration of carbon 
dioxide to bicarbonate) and/or the desorption of carbon diox 
ide from a solution (e.g., via dehydration of bicarbonate to 
carbon dioxide and water). The chemically modified carbonic 
anhydrase polypeptides disclosed herein are biocatalysts hav 
ing an improved property (e.g., increased activity or thermal 
stability) that allows them to accelerate the absorption of 
carbon dioxide gas into a solution and/or accelerate Subse 
quent desorption from the Solution under a range of condi 
tions. 

In some embodiments, the method can be carried out 
wherein the chemically modified carbonic anhydrase com 
prises the improved property at least 1.2-fold, at least 1.3- 
fold, at least 1.5-fold, at least 2-fold, at least 3-fold, at least 
4-fold, at least 5-fold, at least 10-fold, or at least 25-fold 
increased activity of hydrating carbon dioxide or dehydrating 
bicarbonate under Suitable conditions. Accordingly, in some 
embodiments, the Suitable conditions used in the method can 
comprise a concentration of the chemically modified car 
bonic anhydrase polypeptide of from about 0.1 g/L to about 
10 g/L, about 0.25 g/L to about 7.5g/L, about 0.5 g/L to about 
5g/L, less than 10 g/L, less than about 5g/L, or less than about 
2.5 g/L. 
The ability of the chemically modified carbonic anhydrase 

polypeptide to accelerate CO2 absorption into or desorption 
from a solution can be affected by the mole ratio of CO to 
other compounds already present in the solution, which is 
also referred to as the CO loading of the solution and can be 
denoted by the mole ratio of CO, to the moles of the relevant 
CO absorption mediating compound in the solution (e.g., 
amine compound, ammonia), which is denoted by the term 
“C.” The carbonic anhydrase polypeptides of the present dis 
closure can be used under a range of loading conditions which 
can be varied depending on the particular CO absorption 
mediating compound used in the Solution. Accordingly, the 
methods of the disclosure can be carried wherein the suitable 
conditions comprise a loading of solution CO of from about 
a —O to about C=0.7, from about C=0.01 to about C=0.6, 
from about C=0.02 to about C=0.5, from about C=0.05 to 
about C=0.4, from about C=0.1 to about C=0.4, from about 
C=0.2 to about C=0.3, less than about C=0.7, less than about 
C=0.5, or less than about C=0.3. 

In some embodiments where the method is carried out in 
the presence of an amine compound (e.g., 4 MMDEA) the 
Suitable conditions can comprise and a loading of Solution 
CO of from about C.-0 to about C. 0.6, from about C.-0.01 to 
about C=0.5, from about C=0.02 to about C=0.4, from about 
C=0.05 to about C=0.3, from about C=0.1 to about C=0.4, 
from about C=0.2 to about C=0.3, less than about C=0.4, less 
than about C.-0.3, or less than about C=0.2. 

In some embodiments where the method is carried out in 
the presence of ammonia (e.g., 10 wt % or 5.6 MNH) the 
Suitable conditions can comprise a loading of solution CO of 
from about C=O to about C=0.7, from about C=0.1 to about 
C=0.7, from about C=0.1 to about C=0.5, from about C=0.1 to 
about C=0.3, from about C=0.4 to about C=0.7, from about 
C=0.5 to about C=0.7, less than about C=0.7, less than about 
C=0.5, or less than about C=0.3. 

Additionally, the CO loading of the solution can change 
from “lean' to "rich' during the process as the CO is 
absorbed, and then desorbed. Typically, the initial condition 
of the solution used in the method is “leanloading (e.g., C.-0. 
or C.-0.01 to 0.02), and as the absorption proceeds the solu 
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tion condition becomes “rich loading (e.g., C.-0.2 to 0.5, or 
higher). As illustrated by the Examples herein, the accelera 
tion of CO absorption due to enzyme tends to be lower under 
“lean loading conditions than under "rich loading condi 
tions. Further the loading conditions used for the method 
carried out in the presence of amine compounds tends to be 
lower than the loading used for the method carried out in the 
presence of ammonia. Accordingly, in Some embodiments, 
the Suitable conditions in the presence of an amine compound 
comprise a lean loading of solution CO from about C.-0 to 
about C.-0.02 and a rich loading of solution CO of from 
about C=0.2 to about C=0.5. However, in some embodiments, 
where the suitable conditions include the presence of ammo 
nia, the loading can comprise a lean loading of solution CO. 
about C.-0.1 to about C.-0.3 and a rich loading of solution 
CO of from about C.-0.5 to about C.-0.7. 

Typically the gas streams from which CO removal is desir 
able are at elevated temperatures, and upon contacting a solu 
tion, as in the method disclosed herein, heat is also transferred 
and the solution temperature also is elevated. This is particu 
larly true in treating flue gas streams from coal-fired power 
plants. Accordingly, in Some embodiments, the Suitable con 
ditions for carrying out the method comprise an elevated 
solution temperature. The presence of elevated temperature 
further underscores the importance of using thermostable 
carbonic anhydrase polypeptides such as those disclosed 
herein. Thus, in some embodiments the method is carried out 
wherein the Suitable conditions comprise a solution tempera 
ture of from about 40°C. to about 110°C., from about 40°C. 
to about 90° C., from about 40° C. to about 80°, from about 
40° C. to about 70° C., or from about 40° C. to about 60° C. 
The method of removing carbon dioxide disclosed herein 

involves contacting the gas stream with a solution comprising 
a chemically modified carbonic anhydrase polypeptide. The 
present disclosure has illustrated the use of the method in 
Solutions comprising a high concentration of an amine com 
pound, ammonia, and carbonate ion. A range of other solu 
tions comprising other compounds known to facilitate the 
absorption of CO2 from a gas stream, and it is contemplated 
that the present methods could be used with such solutions. 

For capturing CO2 from flue gas streams, solutions com 
prising a variety of different amine compounds are known. 
Such solutions comprising amine compounds that facilitate 
CO absorption from a gas stream into a solution are 
described in e.g., PCT Publ. No. WO2006/089423A1., U.S. 
Pat. No. 7,740,689 B2, or U.S. Pat. Publ. No. 2009/ 
O155889A1, each which is hereby incorporated by reference 
herein. Accordingly, in Some embodiments, the methods of 
removing carbon dioxide from a gas stream can be carried out 
wherein the Solution comprises an amine compound, prefer 
ably an amine compound that exhibits improved thermody 
namic and kinetic properties for the absorption of CO. Thus, 
in some embodiments of the methods, the suitable conditions 
comprise a solution comprising an amine compound, and the 
amine compound can be selected from the group consisting 
of: 2-(2-aminoethylamino)ethanol (AEE), 2-amino-2-hy 
droxymethyl-1,3-propanediol (AHPD), 2-amino-2-methyl 
1-propanol (AMP), diethanolamine (DEA), diisopropanola 
mine (DIPA), N-hydroxyethylpiperazine (HEP), 
N-methyldiethanolamine (MDEA), monoethanolamine 
(MEA), N-methylpiperazine (MP), piperazine, piperidine, 
2-(2-tert-butylaminoethoxy)ethanol (TBEE), triethanola 
mine (TEA), triisopropanolamine (TIA), tris, 2-(2-aminoet 
hoxy)ethanol, 2-(2-tert-butylaminopropoxy)ethanol, 2-(2- 
tert-amylaminoethoxy)ethanol, 2-(2- 
isopropylaminopropoxy)ethanol, 2-(2-(1-methyl-1- 
ethylpropylamino)ethoxy)ethanol, and mixtures thereof. In 
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Some embodiments, the amine compound is selected from the 
group consisting of AMP MEA, MDEA, TIA, and mixtures 
thereof. In one preferred embodiment the solution comprises 
the amine compound MDEA. Further, in the embodiments of 
the methods employing an amine compound in Solution, the 
Suitable conditions can comprise an amine compound con 
centration of from about 1 M to about 10 M, from about 2 M 
to about 8 M, from about 2.5M to about 6.5 M, from about 3 
Mto about 5M, at least about 2M, at least about 3M, at least 
about 4.2 M, or at least about 5 M. 

Elevated temperatures are typically present when the 
method employs a solution comprising an amine compound 
are used to remove carbon dioxide from a gas stream. Thus, in 
some embodiments the method is carried out wherein the 
Suitable conditions comprise a solution comprising an amine 
compound (e.g., MDEA) and a temperature of from about 40° 
C. to about 110°C., from about 40°C. to about 90° C., from 
about 40°C. to about 80°, from about 40°C. to about 70° C., 
or from about 40° C. to about 60° C. 

Another known process for capturing CO from a gas 
stream (e.g., flue gas) uses a solution containing a high con 
centration of ammonia. Methods and conditions for capturing 
CO using solutions comprising ammonia are described in 
e.g., WO2009/000025A1, WO2010/020017A1, and 
WO2010/045689A1, each which is hereby incorporated by 
reference herein. Due to the high volatility of ammonia vapor 
processes using ammonia are sometimes run at relatively low 
temperatures, in what is referred to as a “chilled ammonia 
process. Methods and conditions of the chilled ammonia 
process for CO capture from a flue gas stream are described 
in e.g., U.S. Pat. No. 7,641,717 B2, and U.S. Pat. Publ. No. 
2009/0155889A1, each which is hereby incorporated by ref 
erence herein. Accordingly, in Some embodiments of the 
methods of removing carbon dioxide disclosed herein, a solu 
tion containing ammonia is used to facilitate carbon dioxide 
absorption from the gas streams. Such ammonia Solutions can 
be used under Suitable conditions comprising an ammonia 
concentration of about 1 M to about 8 M, from about 2 M to 
about 7 M, from about 3 M to about 6 M, at least about 1 M, 
at least about 2M, at least about 3M, at least about 4M, or at 
least about 5 M, or at least about 5.6 M. Further in some 
embodiments of the methods, the solution comprising ammo 
nia can be used at chilled temperatures (e.g., for absorption) 
and/or elevated temperatures (e.g., for desorption of carbon 
dioxide). Accordingly, in Some embodiments, the method 
using a solution comprising ammonia can be carried out 
wherein the Suitable conditions comprise a solution tempera 
ture of from about 0°C. to about 20°C., from about 0°C. to 
about 10°C., from about 5° C. to about 15°C., from about 8° 
C. to about 12°C., less than about 15° C., or less than about 
10° C. 
Some processes for CO capture from a gas stream use 

contact with a solution comprising elevated concentration of 
carbonate ions (CO). Various formulations and processes 
for CO capture from gas streams using solutions comprising 
carbonate ions are known (see e.g., WO2011/014957A1). 
Typically, the carbonate ion is provided in the solution in the 
form of potassium carbonate (KCOs) or sodium carbonate 
(NaCO). In such embodiments, the stability and activity of 
the chemically modified carbonic anhydrase in the presence 
of carbonate ions is an important functional characteristic. 
Accordingly, in some embodiments, the method of removing 
CO from a gas stream can be carried out wherein the Suitable 
conditions comprise a solution comprising carbonate ion at a 
concentration of about 0.1 M CO’ to about 5 MCO, 
from about 0.2 MCO, to about 4 MCO, or from about 
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0.3 M CO' to about 3 M CO', at least about 0.2 M 
NaCO, at least about 0.4 MNaCO, or at least about 1 M 
NaCO. 

In some embodiments, the chemically modified carbonic 
anhydrase polypeptide of the present disclosure can be used 
in processes for CO capture from a gas stream that comprise 
contacting the gas stream with a solution comprising the 
polypeptide and elevated concentration of amino acid com 
pounds. In some embodiments, the amino acid compound is a 
primary, secondary, or tertiary amino acid, or a derivative or 
salt thereof (e.g., a sodium salt). Exemplary amino acid com 
pounds useful in the method include, but are not limited to, 
the twenty most prevalent naturally occurring O-amino acids 
(i.e., alanine, leucine, Valine, isoleucine, glycine, methionine, 
aspartic acid, glutamic acid, lysine, arginine, asparagine, 
glutamine, serine, threonine, histidine, tyrosine, tryptophan, 
phenylalanine, cysteine, and proline), as well as, taurine, 
methyl taurine, dimethyl-glycine, diethyl-glycine, N-butyl 
glycine, N-methyl-alanine, sarcosine, and mixtures thereof. 
Various formulations and processes for CO capture from gas 
streams using solutions comprising amino acid compounds 
are known (see e.g., WO2011/014955A1). In one embodi 
ment of the methods of CO capture from a gas stream of the 
present disclosure, the Suitable conditions comprise the pres 
ence of the amino acid compound Sodium glycinate. 

Generally, in the methods of the present disclosure, the 
Solution comprises an aqueous solvent (water or aqueous 
co-solvent system) that may be pH buffered or unbuffered. 
Generally, the CO absorption reaction via hydration of car 
bon dioxide can be carried out by the carbonic anhydrase 
polypeptides over a pH range of about pH 9 or above or at a 
pH of about pH 10 or above, usually in the rangeoffrom about 
8 to about 12. During the course of both the hydration and the 
dehydration reactions, the pH of the reaction mixture may 
change. The pH of the reaction mixture may be maintained at 
a desired pH or within a desired pH range by the addition of 
an acid or a base during the course of the reaction. Alterna 
tively, the pH may be controlled by using an aqueous solvent 
that comprises a buffer. Suitable buffers to maintain desired 
pH ranges are known in the art and include, for example, 
carbonate, HEPES, triethanolamine buffer, and the like. The 
ordinary artisan will recognize that other combinations of 
buffering and acid or base additions known in the art may also 
be used. In some embodiments, the methods can be carried 
out in a solution at a basic pH that thermodynamically and/or 
kinetically favors the solvation of CO e.g., from about pH 
8 to about pH 12. Accordingly, in Some embodiments, the rate 
is determined at a pH of from about pH 8 to about pH 12, from 
about pH 9 to about pH 11.5, or from about pH 9.5 to pH 11. 
In other embodiments, release (dehydration) of captured car 
bon dioxide (e.g., as bicarbonate) is carried out at a pH of 
about 9 or below, usually in the range of from about pH 5 to 
about pH 9, or about pH 6 to about pH 9. In some embodi 
ments, the dehydration is carried out at a pH of about 8 or 
below, often in the range of from about pH 6 to about pH 8. 

In some embodiments, the methods of removing carbon 
dioxide from a gas stream disclosed herein, the solution can 
comprise an aqueous co-solvent system. For example, certain 
co-solvents or compounds can be added to the aqueous solu 
tion to reduce their degradative or corrosive properties. In 
Some embodiments of the method, the Solution is an aqueous 
co-solvent system comprising a ratio of water to a co-solvent 
from about 95:5 (v/v) to about 5:95 (v/v), in some embodi 
ments, from about 90:10 (v/v) to about 10:90 (v/v), in some 
embodiments, from about 80:20 to about 20:80 (v/v), in some 
embodiments, from about 70:30 (v/v) to about 30:70 (v/v), 
and in some embodiments, from about 60:40 (v/v) to about 
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40:60 (v/v). The solvent component of an aqueous co-solvent 
system may be miscible with the aqueous component, pro 
viding a single liquid phase, or may be partly miscible or 
immiscible with the aqueous component, providing two liq 
uid phases. The co-solvent system may be pre-formed prior to 
addition to the reaction mixture, or it may beformed in situ in 
the reaction vessel. 

Co-solvent systems used in the methods typically comprise 
a solvent or compound that thermodynamically and/or kineti 
cally favors the solvation ofCO, from a gas-solvent interface. 
In some embodiments, the co-solvent in the aqueous solution 
is an amine compound (e.g., AMP, MDEA, MEA, TEA, and/ 
or TIA). In some embodiments of the methods disclosed 
herein, the Solution can comprise a mixture or blend of amine 
compounds, and/or other compounds that facilitate the 
absorption of CO into the Solution, e.g., ammonia, carbonate 
ions, strong base (e.g., NaOH), and/or compounds such as 
dimethyl ether of polyethylene glycol (PEG DME). 

In some embodiments, the aqueous co-solvent systems can 
have water and one or more organic solvents. In general, an 
organic solvent component of an aqueous co-solvent system 
is selected such that it does not completely inactivate the 
chemically modified carbonic anhydrase enzyme. Appropri 
ate co-solvent systems can be readily identified by measuring 
the enzymatic activity of the specified chemically modified 
carbonic anhydrase enzyme in the candidate solvent system, 
utilizing an enzyme activity assay, such as those described 
herein. 

9. EXAMPLES 

Various features and embodiments of the disclosure are 
illustrated in the following representative examples, which 
are intended to be illustrative, and not limiting. 

Example 1 

Preparation and Screening of Carbonic Anhydrase 
Polypeptides Based on Wild-Type Gene from 

Desulfovibrio Vulgaris 

This example illustrates designing and optimizing the 
wild-type carbonic anhydrase gene from Desulfovibrio vul 
garis, as well as further optimization and functional screening 
of the gene to generate engineered polypeptides having 
increased solvent and thermostability under conditions Suit 
able for CO absorption from gas into a capture solvent. 
Gene Acquisition, Synthesis, Cloning, and Expression: 
The gene encoding a wild-type Desulfo vibrio vulgaris car 

bonic anhydrase polypeptide of SEQ ID NO: 2 was codon 
optimized for expression in E. coli as the nucleotide sequence 
of SEQID NO: 1. The codon-optimized gene of SEQID NO: 
1 was synthesized using oligonucleotides, generally com 
posed of 42 nucleotides, and cloned into the expression vector 
pCK110900 under the control of a lac promoter. This expres 
sion vector also contains the P15a origin of replication and the 
chloramphenicol resistance gene. Resulting plasmids con 
taining the codon-optimized were transformed into E. coli 
W3110 using standard methods. The transformed wild-type 
gene sequence of SEQID NO: 1 was confirmed by standard 
sequencing techniques and the resultant expression of car 
bonic anhydrase activity by the transformed cells confirmed 
by high throughput activity assays as described below. 

Preparation of Engineered Carbonic Anhydrase Library: 
Using the codon-optimized wild-type gene of SEQID NO: 

1 as the starting point, a library of engineered variant genes 
was synthesized that targeted every residue from position X2 
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to positionX223 of SEQID NO: 2 with substitutions of all 19 
amino acids. The resulting engineered carbonic anhydrases 
polypeptide sequences, specific amino acid differences, and 
relative level of improvement are listed in Tables 2A and 2B. 

Cloning of Engineered Carbonic Anhydrase Genes: 
As with the codon-optimized wild-type gene of SEQ ID 

NO: 1, the library of engineered variant genes was cloned into 
vector pCK110900 and expressed in E. coli W3110. Antibi 
otic resistant transformants were selected and processed to 
identify those expressing a CA with improved thermostabil 
ity. Cell selection, growth, induced expression of CA variant 
enzymes and collection of cell pellets were as described 
below. 

Picking: 
Recombinant E. coli colonies carrying a gene encoding CA 

were picked using a Q-BotR) robotic colony picker (Genetix 
USA, Inc., Boston, Mass.) into 96-well shallow well micro 
titer plates containing in each well 180 uL LB Broth, 1% 
glucose and 30 g/mL chloramphenicol (CAM). Cells were 
grown overnight at 37°C. with shaking at 200 rpm. A 10 uL. 
aliquot of this culture was then transferred into 96-deep well 
plates containing 390 uLTB broth and 30 g/mL CAM. After 
incubation of the deep-well plates at 37°C. with shaking at 
250 rpm for 2-3 hrs, recombinant gene expression within the 
cultured cells was induced by addition of IPTG to a final 
concentration of 1 mM, followed by addition of ZnSO to a 
final concentration of 0.5 mM. The plates were then incubated 
at 37°C. with shaking at 250 rpm for 18 hrs. 

Preparation of Clear Lysate for Assay: 
Cells were pelleted by centrifugation (4000 RPM, 10 min, 

4° C.), resuspended in 200 uL lysis buffer and lysed by 
shaking at room temperature for 2 hours. The lysis buffer 
contained 25 mM HEPES buffer, pH 8, 1 mg/mL lysozyme, 
and 500 g/mL polymixin B sulfate (PMBS) and 1 mM 
dithiothreitol (DTT). After sealing the plates with aluminum/ 
polypropylene laminate heat seal tape (Velocity 11, Menlo 
Park, Calif., Catho6643-001), they were shaken vigorously 
for 2 hours at room temperature. Cell debris was pelleted by 
centrifugation (4000 RPM, 10 min., 4° C.) and the clear 
Supernatant assayed directly or stored at 4°C. until use. 

High-Throughput Screening for Improved Stability in 
Amine Solvent, MDEA: 

Screening of the polypeptides encoded by the variant genes 
for carbonic anhydrases with improved Stability in high con 
centrations of an amine solvent, MDEA, was carried out 
using the assays as follows. After lysis, 25 uL of cleared E. 
coli lysate was added to 96-well Costar(R) shallow round bot 
tom plate, followed by addition of 75 uL of amine solvent 
challenge buffer (4 MMDEA, pH 10; pH adjusted using CO, 
gas) using a Biomek NXp robotic instrument (Beckman 
Coulter, Fullerton, Calif.). The resulting challenge solution 
MDEA solvent concentration was 3 M. Challenge buffers 
with increased MDEA concentrations of 5.33 M and 6.66 M 
were used to generate 4M and 5 MMDEA challenge solu 
tions, which also were similarly adjusted to pH10 with CO. 
The plates were heat-sealed with aluminum/polypropylene 
laminate heat seal tape (Velocity 11, Menlo Park, Calif., 
Cath()6643-001) at 175° C. for 2.5 seconds. The challenge 
reactions were heated for 24 h at the challenge temperature 
(42°C., 50° C., or 55° C.). Control reactions were maintained 
at 25°C. for 24 h. After 24h, the plates were centrifuged at 4 
C. for 10 minto clarify the reaction mixtures. Carbonic anhy 
drase activity after challenge was measured using a bicarbon 
ate dehydration assay as follows: 10 uL of cleared reaction 
mixture was added to a 96-well NUNCTM polystyrene shal 
low flat bottom plate containing 190 uL of a solution of 0.3 M 
MDEA, pH 8 (pH adjusted with CO gas), 200 mM. KHCO, 
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400 uM phenolphthalein. The rate of the dehydration reaction 
was determined as the slope of absorbance change at 25°C. 
(or 45° C.) assay solution temperature monitored at 550 nm 
(phenolphthalein as indicator) over time (30 minutes) on a 
SpectraMax M2 reader (Molecular Devices, Sunnyvale, 
Calif.). Engineered carbonic anhydrase samples showing 
greater than 1.3-fold improvement in activity relative to the 
wild-type polypeptide of SEQ ID NO: 2 under the same 
challenge conditions (positive control) were retested in trip 
licate using the same conditions. As noted in Tables 2A, 2B, 
2C, 2D, 2G, 2I, and 2J. HTP screening of engineered carbonic 
anhydrase polypeptides for amine solvent stability and ther 
mostability has been carried out using at least seven different 
challenge conditions/assays. Assay 1: challenge for 24 h at 
42°C. in 3 MMDEA solution followed by dehydration activ 
ity assay at 25°C.; Assay 2: challenge for 24h at 50° C. in 3 
MMDEA solution followed by dehydration activity assay at 
25°C.; Assay 5: challenge for 24 h at 50° C. in 4 MMDEA 
solution followed by dehydration activity assay at 45° C.; 
Assay 6: challenge for 24 h at 50° C. in 5MMDEA solution 
followed by dehydration activity assay at 25°C.; Assay 7: 
challenge for 24 h at 55° C. in 5 MMDEA solution followed 
by dehydration activity assay at 25°C.; Assay 8: challenge for 
24hat 65°C. in 5 MMDEA solution followed by dehydration 
activity assay in 1 MMDEA, pH 8.0 at 45° C.; Assay 12: 
challenge for 24 h at 70° C. in 5 MMDEA solution followed 
by dehydration activity assay in 0.5 M MDEA at 45° C.: 
Assay 14: challenge for 24 h at 82.5° C. in 4.2 M MDEA 
solution followed by dehydration activity assay in 960 mM 
MDEA at 45° C.; Assay 15: challenge for 24hat 85°C. in 4.2 
MMDEA solution followed by dehydration activity assay in 
960 mMMDEA at 45° C.; Assay 16: challenge for 24hat 90° 
C. in 4.2 MMDEA solution followed by dehydration activity 
assay in 960 mMMDEA at 45° C.; and Assay 17: challenge 
for 24 h at 87° C. in 4.2 M MDEA solution followed by 
dehydration activity assay in 685 mMMDEA at 45° C. More 
stringent challenge conditions having higher amine solvent 
concentrations, and/or temperature, and/or additional reac 
tion components (e.g., potential inhibiting impurities found 
in flue gas such as NO, and SO, compounds) are contem 
plated for Screening further engineered carbonic anhydrase 
polypeptides having higher levels of stability and/or tolerance 
to the challenge conditions. High-throughput screening for 
improved stability in ammonia solvent: Screening of the engi 
neered carbonic anhydrase polypeptides for improved stabil 
ity in high concentrations of ammonia, was carried out using 
essentially the same HTPassay as for MDEA amine solvent 
described above but with the following changes. After lysis, 
25ul of lysate was transferred into 96-well Costar R shallow 
round bottom plates containing 75 ul of ammonia challenge 
buffer (5.6M NH (10 wt %) loaded with 0.3 molar equiva 
lents of CO gas). The resulting challenge solution ammonia 
concentration was 4.2 M (7.5 wt %). The challenge solutions 
were heated for 24h at the challenge temperature (30° C. or 
35°C.). Control solutions were maintained at 25°C. for 24 h. 
After 24 h under challenge conditions, carbonic anhydrase 
activity was measured using a bicarbonate dehydration assay 
as follows: 10 ul of challenge (or control) solution was trans 
ferred to 190 ul of buffer (100 mM HEPES buffer, pH 7:200 
mMKHCO, 400 uM phenolphthalein). The rate of the dehy 
dration reaction was determined as the slope of absorbance 
change at 25°C. assay solution temperature monitored at 550 
nm (phenolphthalein is a color indicator) over time (20 min 
utes). Engineered carbonic anhydrase samples showing 
greater than 1.3-fold improvement in activity relative to the 
wild-type polypeptide of SEQ ID NO: 2 under the same 
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challenge conditions (positive control) were retested in trip 
licate using the same conditions. 
As noted in Tables 2A, 2E, 2F, and 2H, HTP screening of 

engineered carbonic anhydrase polypeptides for ammonia 
solvent stability and thermostability has been carried out 
using at least six different challenge conditions/assays. Assay 
3: challenge for 24 h at 30° C. in 4.2 MNH solution con 
taining 0.3 molar equivalents of CO (C=0.3), followed by 
dehydration activity assay at 25°C.; Assay 4: challenge for 24 
h at 35° C. in 4.2 MNH solution containing 0.3 molar 
equivalents of CO (C=0.3), followed by dehydration activity 
assay at 25°C.; Assay 9: challenge for 24h at 44°C. in 5.6M 
NH solution containing 0.3 molar equivalents of CO 
(C. 0.3), followed by dehydration activity assay in 0.28 M 
NH at 25°C.; Assay 10: challenge for 24hat 25°C. in 5.6M 
NH solution containing 0.3 molar equivalents of CO. 
(C. 0.3), followed by dehydration activity assay in 0.28 M 
NH at 25°C.; Assay 11: challenge for 24hat 58°C. in 8.4M 
NH solution containing 0.3 molar equivalents of CO 
(C. 0.3), followed by dehydration activity assay in 1.37 M 
NH at 25°C.; and Assay 13: challenge for 24 h at 70° C. in 
8.4MNH solution containing 0.3 molar equivalents of CO 
(C. 0.3), followed by dehydration activity assay at 25° C. 
More stringent challenge conditions having higher ammonia 
Solvent concentrations, and/or higher or lower temperatures, 
and/or additional reaction components (e.g., potential inhib 
iting impurities found influe gas such as NO, and SO com 
pounds) are contemplated for screening further engineered 
carbonic anhydrase polypeptides having higher levels of sta 
bility and/or tolerance to the challenge conditions. 

Production of Recombinant Carbonic Anhydrase Shake 
Flask Powder (SFP): 
A shake-flask procedure was used to generate recombinant 

carbonic anhydrase polypeptide powders used in secondary 
screening assays or in the carbon capture processes disclosed 
herein. Shake flask powder (SFP) includes approximately 
30% total protein and accordingly provide a more purified 
preparation of an engineered enzyme as compared to the cell 
lysate. A single microbial colony of E. coli containing a 
plasmid encoding a CA of interest was inoculated into 50 mL 
Luria Bertani broth containing 30 ug/mL chloramphenicol 
and 1% glucose. Cells were grown overnight (at least 16 hrs) 
in an incubator at 30°C. with shaking at 250 rpm. The culture 
was diluted into 250 mL 2XYT media containing 30 ug/mL 
chloramphenicol, in a 1 liter flask to an optical density at 600 
nm (OD) of 0.2 and allowed to grow at 30° C. Expression 
of the CA gene was induced by addition of isopropyl B 
D-thiogalactoside (IPTG) to a final concentration of 1 mM 
when the ODoo of the culture was 0.6 to 0.8. ZnSO was then 
added to a final concentration of 0.5 mM and incubation was 
then continued overnight (at least 16 hrs). Cells were har 
vested by centrifugation (5000 rpm, 15 min, 4°C.) and the 
supernatant discarded. The cell pellet was resuspended with 
an equal volume of cold (4°C.) 25 mM HEPES buffer, pH 8, 
and passed through a homogenizer twice at 33.6 kpsi while 
maintained at 4°C. Cell debris was removed by centrifuga 
tion (9000 rpm, 45 min. 4°C.). The clear lysate supernatant 
was collected and stored at -20° C. Lyophilization of frozen 
clear lysate provides a dry powder (shake flask powder) of 
recombinant carbonic anhydrase polypeptide. 

Production of Recombinant Carbonic Anhydrase Down 
stream-Processed (DSP) Powder: 
DSP powders contains approximately 80% total protein 

and accordingly provide a more purified preparation of the 
engineered carbonic anhydrase as compared to the cell lysate. 
Larger-scale (~100-120 g) fermentation of the engineered 
carbonic anhydrase for production of DSP powders can be 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

82 
carried out as a short batch followed by a fed batch process 
according to standard bioprocess methods. 
A single microbial colony of E. coli containing a plasmid 

with the recombinant carbonic anhydrase gene of interest was 
inoculated into 2 mL M9YE broth containing 30 ug/mL 
chloramphenicol and 1% glucose. Cells were grown over 
night (at least 12 h) in an incubator at 37°C. with shaking at 
250 rpm. After overnight growth, 0.5 mL of this culture was 
diluted into 250 mL M9YE Broth containing 30 ug/mL 
chloramphenicol and 1% glucose in 1 liter flask and allowed 
to grow at 37°C. with shaking at 250 rpm. When the ODoo 
of the culture is 0.5 to 1.0, the cells were removed from the 
incubator and either used immediately, or stored at 4°C. 

Bench-scale fermentations were carried out at 30°C. in an 
aerated, agitated 15 L fermentor using 6.0 L of growth 
medium consisting of 0.88 g/L ammonium sulfate, 0.98 g/L 
of Sodium citrate; 12.5 g/L of dipotassium hydrogen phos 
phate trihydrate, 6.25 g/L of potassium dihydrogen phos 
phate, 3.3 g/L of Tastone-154 yeast extract, 0.083 g/L ferric 
ammonium citrate, and 8.3 mL/L of a trace element Solution 
containing 2 g/L of calcium chloride dihydrate, 2.2 g/L of 
Zinc sulfate heptahydrate, 0.5 g/L manganese Sulfate mono 
hydrate, 1 g/L cuprous Sulfate heptahydrate, 0.1 g/L ammo 
nium molybdate tetrahydrate and 0.02 g/L sodium tetrabo 
rate. The vessel was Sterilized at 121° C. and 15 PSI for 30 
minutes, and ZnSO was added to 0.5 mM post sterilization. 
The fermentor was inoculated with a late exponential culture 
of E. coli W3110 containing a plasmid encoding the CA gene 
of interest (grown in a shake flask as described above to a 
starting ODoo of 0.5 to 1.0. The fermentor was agitated at 
250-1250 rpm and air was supplied to the fermentation vessel 
at 0.6-25 L/min to maintain a dissolved oxygen level of 50% 
saturation or greater. The pH of the culture was maintained at 
7.0 by addition of 20% v/v ammonium hydroxide. Growth of 
the culture was maintained by addition of a feed solution 
containing 500 g/L Cerelose dextrose, 12 g/L ammonium 
chloride and 5.1 g/L magnesium sulfate heptahydrate. After 
the culture reached an ODoo of 70+10, expression of CA was 
induced by addition ofisopropyl-f-D-thiogalactoside (IPTG) 
to a final concentration of 1 mM and fermentation is contin 
ued for another 18 hours. The culture was then chilled to 4°C. 
and maintained at that temperature until harvested. Cells were 
collected by centrifugation at 5000 G for 40 minutes in a 
Sorval RC12BP centrifuge at 4°C. Harvested cells were used 
directly in the following downstream recovery process or they 
may be stored at 4°C. or frozen at -80° C. until such use. 
The cell pellet was resuspended in 2 volumes of 25 mM 

triethanolamine (sulfate) buffer, pH 7.5 at 4°C. to each vol 
ume of wet cell paste. The intracellular CA was released from 
the cells by passing the Suspension through a homogenizer 
fitted with a two-stage homogenizing valve assembly using a 
pressure of 12000 psig. The cell homogenate was cooled to 
-20°C. immediately after disruption. A solution of 11% w/v. 
polyethyleneimine pH 7.2 was added to the lysate to a final 
concentration of 0.5% w/v. A solution of 1 MNaSO was 
added to the lysate to a final concentration of 100 mM. The 
lysate was then stirred for 30 minutes. The resulting suspen 
sion was clarified by centrifugation at 5000G in a Sorval 
RC12BP centrifuge at 4°C. for 30 minutes. The clear super 
natant was decanted and concentrated ten-fold using a cellu 
lose ultrafiltration membrane with a molecular weight cut off 
of 10 kD. The final concentrate was dispensed into shallow 
containers, frozen at -20° C. and lyophilized to provide the 
DSP powder. The recombinant carbonic anhydrase DSP pow 
der was stored at -80° C. 
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Example 2 

Acceleration of CO. Absorption by the Carbonic 
Anhydrase from Desulfo vibrio vulgaris (SEQ ID 
NO: 2) in Presence of Various Amine Compounds 
and Carbonate Ions and Elevated Temperatures 

This example illustrates the ability of the wild-type beta 
class carbonic anhydrase from Desulfo vibrio vulgaris (SEQ 
ID NO: 2) and the engineered carbonic anhydrase polypep 
tides identified from HTP screening to accelerate the absorp 
tion of CO gas into Solutions containing high concentrations 
of various amine compounds (e.g., MDEA), or NaCOs, as 
well as the amine compound MDEA at various elevated tem 
peratures. 

Stirred Cell Reactor Apparatus: 
A stirred cell reactor (SCR) was used to measure the accel 

eration of CO absorption rate in the presence of carbonic 
anhydrase polypeptides of the present disclosure. The SCR 
consists of a hermetically-sealed cylindrical reactor vessel in 
which a gas and a liquid phase are mixed while their interface 
remains flat resulting in a mass transfer rate that is well 
known. The SCR allows the gas pressure and the gas and 
liquid temperatures to be controlled and monitored over time. 
SCR Assay Method: 
Carbonic anhydrase polypeptide shake-flask powder (DSP 

can also be used) and the CO capture solution of interest 
(e.g., 4.2 MMDEA) are added to the reactor vessel. In some 
assays, the CO capture solution is pre-loaded with a specific 
mole ratio of CO2 per amine compound or ammonia defined 
by the term C. Pre-loading of a solution with CO, is carried 
out by first adding unloaded capture solution to the vessel, 
pressurizing the vessel with pure CO gas and mixing the 
solution until the CO, pressure drops to a certain level. The 
difference between the highest pressure and lowest pressure 
is used (with the ideal gas law) to calculate C. of the solution. 

Following addition of enzyme and solution to the vessel, 
the pressure in the SCR is reduced until the boiling point is 
reached, and the system is allowed to equilibrate until the 
pressure and temperature no longer change. A reservoir con 
taining CO (pure or a mixture) is connected to the SCR and 
a connecting valve is opened briefly allowing CO to enter the 
SCR. Typically, the valve is opened until there is a change in 
pressure of approximately 10 psi when pure CO is used. 
After closing the connecting valve, the drop in pressure in the 
SCR, which corresponds to the capture of CO in solution, is 
monitored over time along with the gas and liquid tempera 
tures. A control assay without the enzyme is also carried out. 

Calculation of Rate Acceleration: 
The slope of the logarithm of the pressure drop in the SCR 

over time is used to calculate the overall pseudo-first order 
rate constant (k) according to Eq. 1. 

I AlnPCo. 
slope = - – = 

RTA (Eq. 1) 
VGHeco, Wkoy DCO2 

From k, the second order rate constant, k, can then be 
calculated according to Eq. 2. 

co -ko-CO-I, ko-k1. Basetk1C4 -k2 Basel+ 
k2.cafCAF (Eq. 2) 

The acceleration provided by a carbonic anhydrase 
polypeptide, or Ec., xi, is calculated by dividing the rate, 
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k-measured with a specified amount(Xg/L) of the carbonic 
anhydrase by the rate, k-measured without enzyme, accord 
ing to Eq.3. 

kov with Xg/L carbonicanhydrase (Eq. 3) 
Acceleration = Ecat. xg L = KOV without carbonicanhydrase 

Certain equations and physical constants are used in cal 
culating k. For Eq. 1 and Eq.2 to be valid, the reaction must 
be operated in the pseudo first order regime, which requires 
the following conditions: Hatta number (“Ha')-2, and 
E/Had5 (E=infinite enhancement factor). The Hatta num 
ber, Ha, and infinite enhancement factor, E., are determined 
according to Eq. 4 and Eq. 5, respectively. 

wkov Dco (Eq. 4) 
H. 

C kL 

(Eq. 5) 
E = | Doo -- DB. Basel. Hoo 

cx DBase DCO Zco Poo 

The physical constants used for SCR assays in Solutions 
containing MDEA are summarized in Table 4. 

TABLE 4 

Gas volume 325 mL. 
Liquid volume 175 mL. 
interfacial area 3.03 x 10 m2 
Gas temperature The average gas temperature during the part of the 

experiment where the slope is taken. 
Liquid The average liquid temperature during the part of 
emperature the experiment where the slope is taken. 
Vapor Taken from the average of the first 10 pressure 
pressure (P) readings before the CO2 valve is opened. 

Alternatively it can be calculated from: 
133.3 * EXP(20.386 – 5130/T(K)) assuming water 
is the only compound giving a vapor pressure. 

Liquid side mass determined experimentally to be 4.47 x 10 m/s 
transfer (see e.g., Versteegetal, Chem. Eng. Sci., 1987, 42, 
coefficient (k) 1103-1119 for procedure). 
Diffusivity of Calculated as a function of liquid temperature and 
CO2 (Doo?) mass fraction of MDEA by the correlation given in 

Sandall et al., J. Chem. Eng. data 1989, 34,385-391. 
Diffusivity of Calculated as a function of liquid temperature by 
MDEA (D) the correlation given in Snijder et al., J. Chem. And 

Engi. Data, 1993, 38,475-480. 
Calculated as a function of liquid temperature and 
mass fraction of MDEA by the correlation given in 
Sandall et al., J. Chem. Eng. data 1989, 34,385-391. 
1 for the MDEA system. 

Henry constant 
of CO2 (H2) 

Stoichiometric 
coefficient of 
CO2 (ZCo2) 

Results 
As shown in Table 5, a loading of 1 g/L shake flask powder 

of the naturally occurring beta class carbonic anhydrase 
polypeptide of SEQID NO: 2 was capable of accelerating the 
absorption of CO by solutions containing a range of amine 
solvents with no pre-loading of CO (C=O) at concentration 
ranges from 1 M up to 4.2 M. The observed amount of 
acceleration was greatest in the 1 M solutions and generally 
decreased with increasing amine concentration. However, 
even in 4.2 MMDEA, the acceleration relative to the rate 
without enzyme was 15.8. 
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TABLE 5 

Acceleration of CO2 absorption 
Amine Acceleration (koraialul Korunal 
(M) MDEA AMP TEA TIA 

1 52.3 4.15 49.8 95.1 
2 27.1 1.54 43.3 85.1 
3 22.4 1.23 14.5 16.1 
4.2 15.8 

MDEA Methyldiethanolamine 
AMP-2-amino-2-methyl-1-propanol 
TEA-Triethanolamine 
TIA-Triisopropanolamine 

As shown in Table 6, a loading of 1 g/L shake-flask powder 
of the naturally occurring carbonic anhydrase polypeptide of 
SEQID NO: 2 was capable of accelerating the absorption of 
CO, by a solution at 25°C. containing 1 MNaCO (with no 
pre-loading of CO). The initial level of acceleration was 
142-fold increased relative to the control solution without the 
biocatalyst. The enzyme maintained a high level of accelera 
tion at least 65-fold increased relative to no biocatalyst even 
after 7 days in the solution at 25°C. 

TABLE 6 

1 g/L SEQID NO: 
2, MNaCOs, 2SC (no CO pre-loaded 

Time (h) Acceleration 

O 142 
1995 119 
45.64 110 
95 71 
168 65 

Further SCR assays of the naturally occurring carbonic 
anhydrase polypeptide of SEQID NO: 2 were carried out at 
40°C. in solutions pre-loaded with CO (O-0.1) and contain 
ing 0.5 g/L of the polypeptide and 2.0 to 4.2 MMDEA. The 
assay solutions were monitored for up to 49 h. As shown by 
the results listed in Table 7, only 0.5 g/L of the polypeptide of 
SEQ ID NO: 2 was capable of initially accelerating the 
absorption of CO in solutions at 40°C. containing2 M to 4.2 
MMDEA from about 11-fold to about 3-fold relative to the 
control solution without biocatalyst added. Further even after 
16 hor more in the 2 M to 4.2 MMDEA solutions at 40°C., 
the polypeptide of SEQID NO: 2 was capable of still accel 
erating CO absorption by at least 2-fold relative to the con 
trol solution. 

TABLE 7 

Time kov 
Assay Sample (h) (s) Acceleration 

2MMDEA (no enzyme) O 10.8 1 
2MMDEA + 0.5 g/L enzyme O 116.9 10.9 
2MMDEA + 0.5 g/L enzyme 20.4 30.2 2.8 
2MMDEA + 0.5 g/L enzyme 49.2 14.5 1.3 
2.5MMDEA (no enzyme) O 12.6 1 
2.5MMDEA + 0.5 g/L enzyme O 112.6 9.0 
2.5MMDEA + 0.5 g/L enzyme 21.1 38.4 3.1 
2.5MMDEA + 0.5 g/L enzyme 48.25 22.2 1.8 
3MMDEA (no enzyme) O 1S.O 1 
3MMDEA + 0.5 g/L enzyme O 103.5 6.9 
3MMDEA + 0.5 g/L enzyme 1992 37.5 2.5 
3MMDEA + 0.5 g/L enzyme 44.33 20.3 1.4 
4.2MMDEA (no enzyme) O.O 12.4 1 
4.2MMDEA + 0.5 g/L enzyme O.O 40.7 3.3 
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TABLE 7-continued 

Time kov 
Assay Sample (h) (s) Acceleration 

4.2MMDEA + 0.5 g/L enzyme 16.5 28.2 2.3 
4.2MMDEA + 0.5 g/L enzyme 47.0 16.6 1.3 

Example 3 

Acceleration of CO. Absorption by Engineered 
Carbonic Anhydrase Polypeptides in the Presence of 

MDEA in Solution at Elevated Temperatures 

This example illustrates the ability of engineered carbonic 
anhydrase polypeptides identified from HTP screening to 
accelerate the absorption of CO2 gas into amine solvent 
(MDEA) solutions at elevated temperatures. 
Assays measuring rate of CO. hydration catalyzed by engi 

neered carbonic anhydrase polypeptides of SEQ ID NO: 6, 
16, 26, 30, 42, 84, and 186 (and wild-type of SEQID NO: 2) 
in MDEA solvent at 40°C. and 50°C. were carried out using 
the SCR and methods as described above in Example 2. As 
shown in Table 8, the relative improvement in stability in 
MDEA solvent exhibited by the polypeptides was determined 
as fold-improvement in residual activity at various time 
points and also as half-life (t) of CO hydration activity. 

TABLE 8 

Poly- Fold Improvement relative to SEQ ID NO. 2 

peptide Residual Residual Residual 
SEQID tA Activity Activity Activity Activity 
NO: (h) ta, at Oh at 24h at 48 h at 72h 

0.5 g/L polypeptide, 3MMDEA, T = 40°C., C = 0.1 

2 2O.O 1 1 1 
6 67.8 3.4 2.18 2.2 S.O 4.8 
16 69.9 3.5 60 2.6 5.4 4.9 
30 30.7 1.5 45 7 2.6 1.8 
42 53.0 2.7 .78 2.2 4.2 4.1 
84 18.2 O.9 .74 O 1.2 0.7 

186 24.7 1.2 68 5 2.1 1.5 
0.5 g/L polypeptide, 3MMDEA, T = 40°C., C = 0.02 

2 32.O 1 1 1 
6 132.1 4.1 20 2.0 2.7 2.8 
16 153.7 4.8 O2 2.0 2.7 2.6 
30 82.8 2.6 O3 8 2.7 2.6 
42 886 2.8 13 .4 2.2 2.3 
84 27.6 O.9 10 O.9 1.O O.8 

186 45.5 1.4 O6 .2 1.6 1.1 
0.5 g/L polypeptide, 3MMDEA, T = 50° C., C = 0.02 

2 O.13 1.O 
16 9.0 71.O 
26 9.8 77.0 

The engineered carbonic anhydrase polypeptides of SEQ 
ID NO: 6, 16, 30, 42, and 186 exhibited 1.2-fold to 4.8-fold 
increased stability in a 3 MMDEA solution at the elevated 
temperature of 40°C. (with a CO loading C=0.02 or 0.1) 
when measured as t for CO absorption activity relative to 
the wild-type polypeptide of SEQ ID NO: 2. At the further 
elevated temperature of 50° C. (with a CO loading of 
C=0.02) the engineered polypeptides of SEQID NO: 16 and 
26 exhibited over 70-fold increased t for CO absorption 
activity in a 3 MMDEA solution relative to the wild type 
polypeptide of SEQID NO: 2. 
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The engineered carbonic anhydrase polypeptides of SEQ 
ID NO: 6, 16, 30, 42, and 186, continued to maintain their 
improved stability even at 48 h at 40°C. Additionally, in the 
case of the assays at the higher CO loadings (C-0.1), the 
stability increased significantly relative to that of the wild 
type polypeptide of SEQID NO: 2–e.g., for SEQID NO: 16 
increased from 1.6-fold to 5.4-fold greater than SEQID NO: 
2. 

Example 4 

Acceleration of CO. Absorption by the Carbonic 
Anhydrase from Desulfovibrio Vulgaris (SEQID 
NO: 2) in Presence of Ammonia in Solution at 

Chilled Temperatures 

This example illustrates the ability of the beta-class car 
bonic anhydrase from Desulfovibrio vulgaris (SEQ ID NO: 
2) to accelerate the absorption of CO gas into a chilled 
ammonia Solution. 

Apparatus and Assay Method 
To a Parr Series 5100 low pressure reactor system fitted 

with a mass flow meter, a digital pressure gauge, a septum 
capped addition/sampling port, athermal well, a cooling loop 
(used as baffles/agitator shaft Support) and a 450 mL. glass 
jacketed cylinder was added water and the water degassed via 
vacuum at room temperature for ~20-40 minutes (until no 
bubble formation was observed). The cylinder was detached 
under a gentle nitrogen flow and 30 wt % NH solution was 
added to make up the desired NH solution with a final vol 
ume of -250 mL (e.g., 250 mL of 10 wt % NH solution=166 
mL of water and 83 mL of 30 wt % NH). The 450 mL glass 
jacketed cylinder with the NH solution was reattached to the 
reactorunder a nitrogen atmosphere and the internal tempera 
ture was adjusted to the desired level via an external heat 
exchanger/circulator. 
The turbine propeller was positioned on the stirrer shaft 

such that it was slightly above the liquid level and was used to 
mix the gas phase. An egg-shaped stir bar was placed in the 
cylinder and was used to stir the liquid phase via an external 
stir plate situated underneath the cylinder. Typically, the gas 
phase was stirred at 1800-2000 rpm and the liquid phase was 
stirred at 900-1200 rpm (fastest rate such that the surface of 
the liquid remained relatively flat/ripple-free). The internal 
temperature of the gas phase, the internal temperature of the 
liquid phase, the internal gas phase pressure, the agitation 
rates and the jacket temperature were recorded via a data 
logger. 

After the internal temperature and pressure had equili 
brated/stabilized, CO gas was introduced through the mass 
flow meter until the desired initial loading of CO was 
obtained. Loading was denoted as “C” which corresponds to 
the mole ratio of CO to NH. (e.g., C.-0.3 means 3 moles of 
CO, per 10 moles of NH). Generally, depending on process 
optimization in an industrial scale process for CO capture 
using chilled ammonia Solution it is contemplated that the 
solution will enter the flue gas absorber at a relatively “lean' 
loading, of about C.-0.1-0.3 and after absorbing CO will 
leave the absorber at a "rich loading, dependent on equilib 
rium, of about C=0.5-0.7. 

Biocatalyst was introduced as an aqueous solution through 
the addition port. For control reaction, no additional solution 
was introduced. Then, for both sample and control reactions, 
a quick burst of CO was added to the reactor vessel such that 
the partial pressure of CO in the reactor was 5-15 psig. The 
vessel then was sealed. The Subsequent decrease in the partial 
pressure of CO in the reactor over time was recorded. The 
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88 
kinetic parameters were determined via analysis of the pres 
Sure versus time data under the prescribed reactor conditions. 
The composition of the solution in the reactor could also be 
monitored via samplings through the addition port. The accel 
eration in the rate of CO absorption was calculated as 
described in Example 2. 

Results 
A set of assays were carried out at 10° C. in a solution 

containing 5.6 MNH with and without 2 g/L of the naturally 
occurring beta class carbonic anhydrase of SEQ ID NO: 2, 
with the CO, loading of the solution varied from C-0.30 to 
O=0.62. 
As shown in Table 9, the observed rate constants, k, with 

and without enzyme decreased with increased CO loading in 
the solution (i.e., increasing C.), but k increased as the CO 
partial pressure in the gas phase decreased. 

TABLE 9 

k(s) 
CO2 partial pressure drop (atn 

Sample Loading 0.2 -> 0.15 0.15 -> 0.10 0.10 -> 0.05 0.05 -> 0.02 

C = 0.30 + enzyme 326 414 617 707 
C = 0.30 control 110 137 179 193 
C = 0.36 + enzyme 16S 223 342 537 
C = 0.36 control 33.0 43.3 58.8 89.8 
C = 0.41 + enzyme 152 210 336 517 
C = 0.41 control 14.4 17.4 23.6 32.4 
C = 0.47+ enzyme 95 131 223 432 
C = 0.47 control 5.3 7.4 13.6 33.5 
C = 0.53 + enzyme 48 58 96 2O1 
C = 0.53 control 3.1 3.5 3.5 2.5 
C = 0.62 + enzyme 61 64 73 72 
C = 0.62 control 3.8 4.4 6.1 11.3 

As shown in Table 10, the naturally occurring carbonic 
anhydrase polypeptide of SEQID NO: 2 exhibited significant 
CO absorption acceleration in the chilled ammonia Solution 
(5.6 MNH at 10° C.). 

TABLE 10 

CO2 Loading 
(C) Enzyme acceleration of CO2 absorption 

O.30 3.0 
O.36 5.5 
O41 13 
O.47 17 
O.S3 22.5 

The amount of acceleration by the presence of the polypep 
tide of SEQID NO: 2 increased linearly from a value of about 
3.0, at a loading of C.O.30, up to about 22.5, at a loading of 
C=0.53. Above C=0.53 the pseudo first order behavior of k, 
appeared to break down and the rate of acceleration could not 
be determined accurately. 

Further assays were carried out at 10° C. in a solution 
containing 5.6MNH, a solution CO loading of the solution 
of C.O.30-0.40 and 2 g/L of a recombinant carbonic anhy 
drase from Table 2A. The recombinant carbonic anhydrases 
polypeptides had amino acid sequences of SEQID NO: 6, 26, 
32, 60, and 124, and included the following amino acid resi 
due differences relative to SEQ ID NO 2: X15R, X30R: 
X56S, X86A, and X119K. All of the assayed recombinant 
carbonic anhydrases polypeptides accelerated the CO 
absorption by the 5.6 MNH solution at 10°C. equivalent to 
the acceleration exhibited by wild-type of SEQID NO: 2. In 
contrast, the wild-type carbonic anhydrases of SEQID NO: 
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1174, 1176, and 1178, each of which has some amino acid TABLE 11-continued 
sequence homology to SEQ ID NO: 2 exhibited no observ 
able acceleration over baseline of the CO absorption by the SES. is (relati ESSESSo 26) 
5.6MNH solution at 10°C. Thus, wild-type carbonic anhy- Q: glpolypeptide, 4M MDEA ye St. 0.02 
drase polypeptide from D. vulgaris of SEQID NO: 2, or one 5 
of the engineered carbonic anhydrase polypeptides compris- s is: 
ing one or more of the amino acid differences X15R, X30R; 3.18 37.4 4.11 
X56S, and X119K, is capable of significantly accelerating 340 25.2 2.77 
carbon dioxide absorption by a solution under “chilled is: 3. 
ammonia' process conditions of 5.6MNH, C.-0.3-0.4, 2 g/L 10 2O6 24.3 2.67 
polypeptide, and T=10°C. 

Example 5 TABLE 12 

Acceleration of CO. Absorption by Engineered 15 
Carbonic Anhydrase Polypeptides in the Presence of SES. is (east sigi No. 26) 

MDEA in Solution at Elevated Temperatures 1.0 g/L polypeptide, 4.2MMDEA, T = 53-55° C., C = 0.02 

This example illustrates the ability of engineered carbonic i. 8. y 
anhydrase polypeptides identified from HTP screening to 2O 
accelerate the absorption of CO gas into amine solvent 
(MDEA) solutions at elevated temperatures. 

Assays measuring rate of CO hydration catalyzed by the TABLE 13 
engineered carbonic anhydrase polypeptides of SEQID NO: 
26, 190206. 33s. 253,270,374,384.306, sis. 33s,332.25 E. s. (earts, isozo 
340,354,596,606, 656, 678, 1080, 1110, 1148, 1152, 1156, 1.0 g/L polypeptide, 4.2MMDEA, T = 53-55° C., C = 0.02 
and 1158, in increasingly challenging conditions of MDEA 332 23 1.O 
Solvent concentration and temperature, were carried out using 270 55 2.4 
the SCR and methods as described above in Example 2. 238 44 1.9 
As shown in Tables 11-15, the relative improvement in 30 306 78 3.4 

stability in MDEA solvent exhibited by the polypeptides 274 119 S.1 
measured as half-life (t) of CO. hydration activity was 
determined as well as the fold-improvement in residual activ 
ity relative to a parent engineered polypeptide. For example, 35 TABLE 1.4 
as shown in Table 15, the engineered carbonic anhydrase of 
SEQ ID NO: 1152 (which has the following residue differ- Polypeptide t1/2 Fold-improved 
ences relative to SEQID NO: 2: T30R: R31P; K37R; A40L: SEQID No. tid y ID NO: 26) 
Q43M; A56S; E68A: V70I; A84O; A95V: Q119M; G120R; T-sh" Eloo 
H124R: T13.9M, N145F; H148T V157A: M17OF; N213E; 
and A219T) exhibited a 16-fold improvement in t over its 40 332 2.8 1.O 
parent engineered polypeptide of SEQ ID NO: 656 (which S. s 19 6 
has the following residue differences relative to SEQID NO: 606 81 29 
2: T30R; K37R: A40L: A56S; E68A: A84O; A95V: Q119M; 678 27 9.8 
G120R: T139M; N145W: N213E: A219T), under the follow 
ing conditions: 1.0 g/L polypeptide, 4.2 MMDEA, T-50° C. 45 
assay, 75°C. incubation, C.-0.02. Similarly, as shown in Table TABLE 1.5 
14, the engineered carbonic anhydrase of SEQ ID NO: 656 
exhibited a 10-fold improvement in t over its parent engi- Polypeptide t1/2 Fold-improved 
neered polypeptide of SEQ ID NO: 332 (which has the fol- SEQ ID NO: (h) (relative to SEQID NO. 26) 
lowing residue differences relative to SEQID NO. 2: T30R, " T = s' Peppe MMP, O.O2 
A40L, A56S, A84O, G120R, and T139M), under the follow- ... aSSay, us - v. 
ing conditions: 1.0 g/L polypeptide, 4.2 MMDEA, T-50° C. 656 2.2 1.O 
assay, 65°C. incubation, C.-0.02. Hence, the results shown in E. 2. 
this Example demonstrate the cumulative improvement for 1110 21 9.7 
stability in the presence of an amine compound for the engi- 55 1158 17 7.9 
neered carbonic anhydrase polypeptides through the addition 1148 12 5.5 
of amino acid residue differences to the polypeptide 1080 12 5.3 
sequences as disclosed herein. 

TABLE 11 60 Example 6 

Polypeptide t1/2 Fold-improved Acceleration of CO. Absorption by Engineered 
SEQIP No. dam MDST St. PN 26) Carbonic Anhydrase Polypeptides in the Presence of 

.5 g/L polypeptide, , 1 = ., C = U. NO and SO, Flue Gas Components 
26 9.1 1.OO 65 

328 57.4 6.31 This example illustrates the ability of engineered carbonic 
anhydrase polypeptides identified from HTP screening to 
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accelerate the absorption of CO gas into amine solvent 
(MDEA) solutions in the presence of NO, and SO, com 
pounds that are typical flue gas components. 
A 1 g/L Solution of the engineered carbonic anhydrase 

polypeptide of SEQ ID NO: 332 (which has the following 
amino acid differences relative to SEQ ID NO: 2: T30R, 
A40L, A56S, A84O, G120R, and T139M) was added to 100 
mL of 4.2 MMDEA, preloaded with CO at a mole ratio of 
C=0.02, in the stirred cell reactor and allowed to equilibrate at 
50° C. The enzyme activity was determined by pressurizing 
the system with pure CO and measuring the rate of CO. 
pressure drop using the SCR and the overall rate constant k, 
was calculated as described above in Example 2. After this 
initial baseline assay without any NO or SO, compound was 
performed, 1 mL of 100 g/L NaNO (sodium nitrate) was 
added at a concentration of 1 g/L (or 1 part per thousand, ppt) 
NaNO in the SCR. NaNO at 1 ppt was used to simulate a 
typical NO, compound flue gas component. The activity of 
the enzyme of SEQ ID NO: 332 was assayed as previously 
described. No loss of activity was observed due to the pres 
ence of NaNO. Then, 1 mL of 100 g/L NaNO (sodium 
nitrite to simulate typical NO, flue gas component) was added 
to the same solution and again assayed. Similarly, these 
assays were repeated sequentially with Na2SO (sodium 
sulfite) and NaSO (sodium sulfate). 
As shown in the Table 16 below, at no point did there appear 

to be a significant change in the activity of the engineered 
carbonic anhydrase polypeptide of SEQID NO:332 after the 
addition of any of the salts of NO, or SO. Hence, the 
improved activity of the engineered polypeptides of the 
present disclosure in accelerating the absorption of CO in 
MDEA further exhibit resistance to inhibition by NO, or SO, 
compounds typically found as flue gas components. 

TABLE 16 

Sample Ratek (s") 
No enzyme 44 
SEQ ID NO:332 145 
SEQ ID NO:332 + 1 ppt NaNO 144 
SEQID NO:332 + 1 ppt NaNO + 1 ppt NaNO- 144 
SEQID NO:332 + 1 ppt NaNO + 1 ppt NaNO3 + 133 
1 ppt Na2SO 
SEQID NO:332 + 1 ppt NaNO + 1 ppt NaNO3 + 
1 ppt Na2SO3 + 1 ppt Na2SO 

141 

Example 7 

Acceleration of CO. Absorption by Engineered 
Carbonic Anhydrase Polypeptides in the Presence of 

Ammonia 

This example further illustrates the ability of recombinant 
carbonic anhydrase polypeptides of the present disclosure to 
exhibit increased Stability to ammonia and accelerate the 
absorption of CO gas in solutions containing ammonia. 

Uptake of CO gas by Solutions containing varying con 
centrations ammonia with and without enzyme were carried 
out in the stirred cell apparatus and using the assay protocol 
and general conditions described in Example 4. 
As shown in Table 17, the recombinant carbonic anhydrase 

polypeptide of SEQ ID NO: 26 (which includes the amino 
acid difference A56S) accelerated the CO, gas uptake of a 
solution containing 8 MNH at 5°C. The acceleration varied 
depending on the CO loading (a) of the Solution, ranging 
from about 1200s' at C.-0.2 loading, downto about 15s at 
C=0.5 loading. 
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As shown in Table 18, recombinant carbonic anhydrase 

polypeptides of SEQID NO:32,748,788,812,962,964, and 
966, each of which have various amino acid residue differ 
ences relative to SEQID NO: 2, exhibit acceleration of CO 
uptake relative to uncatalyzed solution in 10 wt % NH) 
(C.-0.3) at 10°C., even after high temperature challenge of 24 
h at 44° C. or 2 h at 65° C. 

TABLE 17 

Acceleration' 
CO2 loading (C) s' 

O.20 1190.3 
O.25 889.7 
O.30 787.8 
O.35 349.2 
O40 2O2.9 
O45 75.2 
OSO 16.3 
0.55 12.9 

'Acceleration” = k, determined instirred cell reactor using 2 gL of polypeptide of SEQID 
NO:26, 8MNH at 5°C., over the CO2 pressure drop range of from 0.15 atm to 0.10 atm. 

TABLE 1.8 

No challenge After 24h at 44°C. After 2h at 65° C. 

SEQ SEQ SEQ 
ID NO: Acceleration ID NO: Acceleration' ID NO: Acceleration' 

966 3.1 966 2.3 748 1.4 
32 3.0 962 2.3 962 1.3 
812 3.0 964 2.O 964 1.3 
962 3.0 812 1.8 966 1.2 
964 2.9 788 1.7 788 1.2 
788 2.7 748 1.6 812 1.1 
748 1.7 32 1.4 32 1.O 

'Acceleration” = ke?koe, where "ke refers to the baseline rate of CO2 uptake 
without enzyme present in 10 wt % NH. (c. = 0.3) at 10°C. 

Example 8 

Increased Acceleration of CO. Absorption by 
Glutaraldehyde-Treated C-Class, B-Class, and 

Engineered Carbonic Anhydrases in MDEA Solution 

This example illustrates the preparation of chemically 
modified versions of the wild-type C-class human 
(“HuCAII) carbonic anhydrase polypeptide of SEQID NO: 
1298, the wild-type B-class Desulfo vibrio vulgaris carbonic 
anhydrase polypeptide of SEQID NO: 2, and the engineered 
B-class derived from Desulfovibrio vulgaris carbonic anhy 
drase polypeptides of SEQ ID NO: 656 and 1152 of the 
present disclosure, by treatment with glutaraldehyde. The 
example also illustrates ability of the glutaraldehyde-modi 
fied enzyme to exhibit equivalent or increased activity and 
stability in accelerating the absorption of CO gas in a solu 
tion containing CO absorption mediating compound 
MDEA. 

Preparation of Chemically Modified Carbonic Anhydrase 
Polypeptides: 

Shake-flask powder preparations of each of the carbonic 
anhydrase polypeptides were dissolved at 10 g/L concentra 
tion in 50 mM TEA-SO buffer at pH 7.7, or in 50 mM 
NaCO buffer at pH 10. A 25% aqueous solution of glutaral 
dehyde (Sigma-Aldrich Cat. iiG6257; Sigma-Aldrich Corp., 
St. Louis, USA) was added directly to the carbonic anhydrase 
polypeptide solution to give the desired final glutaraldehyde 
concentration (e.g., 0.25% V/v). The polypeptide and cross 
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linking agent solutions were mixed then allowed to incubate 
at room temperature without mixing for 1–4 h. The resulting 
Solutions comprising the glutaraldehyde treated carbonic 
anhydrase polypeptide composition were slightly yellow in 
color and very slightly cloudy. Cloudiness was removed by 
centrifugation prior to assay. 

Preparation of Chemically Modified Carbonic Anhydrase 
Formulations in MDEA and SCR Assay of Activity: 

After incubation, 10 mL of the chemically modified car 
bonic anhydrase polypeptide solution was added to 90 mL of 
4.66 M MDEA solution (not pre-loaded with CO). The 
resulting formulation of 1 g/L chemically modified carbonic 
anhydrase had a final MDEA concentration of 4.2 M. The 
formulation of chemically modified carbonic anhydrase 
polypeptide in 4.2 MMDEA was assayed for rate of CO 
absorption at 50° C. in the SCR using the assay protocol and 
general conditions described in Example 2. 

Briefly, the SCR assay was carried out as follows: the 
solution was heated until it reached 50° C.; the pressure in the 
SCR was reduced until the solution just started boiling, the 
valve to the vacuum pump was then closed; the temperature 
and pressure in the SCR was allowed to equilibrate; pure CO 
was added to the SCR until it reached about 10 psia total 
pressure, after which the valve to the CO, source was closed; 
the pressure drop and gas and liquid temperatures were 
recorded; kot is calculated from the slope of 1n P VSt. k. 
can be calculated by subtracting k without carbonic anhy 
drase from k with carbonic anhydrase. 

Results: 

As shown in Table 19 below, the chemically modified 
carbonic anhydrase polypeptides resulting from treatment 
with cross-linking agent glutaraldehyde exhibited increased 
carbonic anhydrase activity (k) relative to the same car 
bonic anhydrase polypeptides that were not treated with the 
cross-linking agent (i.e., “unmodified') when assayed in 4.2 
MMDEA at 50°C. The human C-class carbonic anhydrase of 
SEQ ID NO: 1298 when chemically modified with glutaral 
dehyde (GA), exhibited the largest fold-improvement (14 
fold) relative to its unmodified form. The Desulfovibrio vul 
garis wild-type B-class carbonic anhydrase polypeptide of 
SEQ ID NO: 2, and the two engineered 3-class carbonic 
anhydrase polypeptides of SEQ ID NO: 656 and 1152 all 
exhibited higher activity upon chemical modification by glu 
taraldehyde treatment, with significant improvements of 1.9- 
fold, 2.7-fold, and 5.0-fold, relative to the unmodified 
enzymes. Each of these B-class enzymes also exhibited 
greater overall activity in the assay than the C-class enzyme. 

TABLE 19 

Acceleration Fold-Improved 
Sample k(s) (relative to unmodified) 
Water 32 na 
SEQID NO: 1298 (HuCAII) 38 na 
(unmodified) 
SEQID NO: 1298 (HuCAII) + 117 14 
GA treatment 

SEQID NO: 2 (unmodified) 151 na 
SEQID NO: 2 + GA treatment 261 1.9 
SEQID NO: 656 (unmodified) 208 na 
SEQID NO: 656 + GA treatment 503 2.7 
SEQID NO: 1152 (unmodified) 154 na 
SEQID NO: 1152 + GA treatment 643 S.O 
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Example 9 

Increased Stability of CO. Absorption Acceleration 
in MDEA by a Thermally Challenged 

Glutaraldehyde-Treated Engineered Carbonic 
Anhydrase 

This example illustrates that a recombinant carbonic anhy 
drase polypeptide of the present disclosure that has been 
chemically modified by treatment with the cross-linking 
agent glutaraldehyde exhibits increased Stability to thermal 
challenge in 4.2 M MDEA in its ability to accelerate the 
absorption of CO. 

Assay for Increased Stability: 
The engineered B-class carbonic anhydrase polypeptide of 

SEQ ID NO: 1152 was chemically modified by treatment 
with 0.25% glutaraldehyde and assayed in SCR to determine 
the k-for CO2 uptake acceleration as described in Example 
8. The heat challenge used to determine increased stability 
was carried out as follows. The sample was removed from the 
SCR and put into a bottle. The bottle was quickly heated to the 
stability challenge temperature of 75° C. and incubated in an 
oven set to this temperature. For the next assay point, the 
solution was quickly cooled to the 50° C. assay temperature 
and assay in the SCR as above. This was repeated as necessary 
over a 13 day period to provide the time course for loss of 
stability at 75° C. 

Results: 
The results were plotted as time of heat challenge at 75°C. 

versus normalized activity (k) over the course of 13 days. As 
shown in FIG. 1, the plots both exhibited logarithmic 
decreases in activity over time but the rate of loss of activity 
in the chemically modified carbonic anhydrase was signifi 
cantly decreased (indicating greater stability). The unmodi 
fied CA lost nearly 80% of its activity by the end of the first 
day, whereas the chemically modified CA had lost only to 
25% of its activity. Based on a comparison of the line fits of 
the plots of all the data out to 12.5 days, the engineered 
B-class carbonic anhydrase polypeptide of SEQID NO: 1152 
after chemical modification by glutaraldehyde treatment is 
about 4-fold more stable than the same engineered B-class 
carbonic anhydrase polypeptide of SEQID NO: 1152 that is 
unmodified. 

Example 10 

Increased Acceleration of CO. Absorption by a 
Glutaraldehyde-Treated Carbonic Anhydrase in the 
CO. Absorption Mediating Compound Solutions: 

AMP, MDEA, TEA, and Carbonate 

This example illustrates the ability of the recombinant 
carbonic anhydrase polypeptides of the present disclosure 
that are chemically modified by treatment with glutaralde 
hyde to exhibit increased activity in accelerating the absorp 
tion of CO by Solutions containing CO absorption mediat 
ing compounds other than MDEA including AMP, TEA, and 
carbonate ion. 
The engineered carbonic anhydrase of SEQID NO: 1152 

was chemically modified with 0.25% GA as described in 
Example 8. The chemically modified and unmodified 
polypeptides were then assayed in the SCR at 50° C. without 
pre-loading of CO as described in Example 8, in Solutions 
including the following concentrations of CO2 absorption 
mediating compounds: 2 MAMP; 3 MTEA; and 2 MKCO. 
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Results: 
As shown in Table 20 below. In 2 MAMP, the unmodified 

CA showed no activity in this solvent, in contrast, the GA 
modified CA did show activity and was ~4-fold higher com 
pared to the solvent alone. In TEA, the GA modified CA was 
~1.6-fold compared to TEA with unmodified CA. In 2 M 
KCO, no improvement was observed with the GA modified 
CA compared to the unmodified CA (significant precipitation 
was observed with the GA modified CA compared to the 
unmodified CA in KCO). 

TABLE 20 

Activity k, Fold-Improved 
Sample (s) (relative to unmodified) 

2MAMP 

Water 1400 
SEQID NO: 1152 1400 
(unmodified) 
SEQID NO: 1152 + GA 4,200 ~4 
treatinent 

3M TEA 

Water 10 
SEQID NO: 1152 71 
(unmodified) 
SEQID NO: 1152 + GA 110 ~1.6 
treatinent 

2M KCO 

Water 39 
SEQID NO: 1152 110 
(unmodified) 
SEQID NO: 1152 + GA 110 1.O 
treatment 

4.2MMDEA 

Water 32 
SEQID NO: 1152 150 
(unmodified) 
SEQID NO: 1152 + GA 640 ~4.3 
treatinent 

Example 11 

Increased Acceleration of CO. Absorption by a 
Glutaraldehyde-Treated Carbonic Anhydrase in the 
CO, Absorption Mediating Compound Solution: 

Ammonia 

This example illustrates the ability of a wild-type B-class 
carbonic anhydrase polypeptide of that is chemically modi 
fied by treatment with glutaraldehyde to exhibit increased 
activity in accelerating the absorption of CO by a solution 
containing the CO absorption mediating compound, ammo 
18. 

The wild-type Desulfo vibrio vulgaris B-class carbonic 
anhydrase polypeptide of SEQ ID NO: 2 was chemically 
modified by treatment with 0.5% glutaraldehyde (GA) in 100 
mM TEA sulfate buffer, pH 8.5 at 25 g/L CA concentration 
for 1-3 hrs. After the GA treatment, the solution was centri 
fuged to remove very slight precipitation that appeared in 
both GA modified and unmodified enzyme solutions. Using 
the stirred cell reactor (SCR) the kinetics of CO absorption 
was measured without the enzyme present (“water), with the 
carbonic anhydrase that was not chemically modified (un 
modified), and with the GA-modified carbonic anhydrase. 
These SCR assays were performed at 22°C. in 1 M and 2 M 
ammonia with loading from 0.1 to 0.3. Activity was measured 
as pressure drop over time and calculated as the square of the 
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96 
natural logarithm of the pressure drop with time, which is 
proportional to the pseudo-first order kinetic constant, k. 

Results: 
As shown in Table 21 below, the GA modified CA exhib 

ited 1.4 to 4.4-fold improved activity depending on the con 
centration and loading of CO in the Solution. 

TABLE 21 

Activity Fold-Improved 
Sample (InAP/At)’ x 10" (relative to unmodified) 

1M NHOH (c. = 0.1) 

Water O.952 
SEQID NO: 2 (unmodified) 2.21 
SEOID NO: 2 - GA treatment 4.SS 2.9 

2M NHOH (c. = 0.1) 

Water 1.67 
SEQID NO: 2 (unmodified) 3.63 
SEOID NO: 2 - GA treatment 4.36 1.4 

2M NHOH (c. = 0.2) 

Water 2.50 
SEQID NO: 2 (unmodified) 3.31 
SEOID NO: 2 - GA treatment 6.02 4.4 

2M NHOH (c. = 0.3) 

Water 1.01 
SEQID NO: 2 (unmodified) 2.36 
SEOID NO: 2 - GA treatment 3.24 1.6 

Example 12 

Increased Acceleration of CO. Absorption in the 
CO. Absorption Mediating Compound Solution 
MDEA by a Recombinant Carbonic Anhydrase 
Treated with Either of the Cross-linking Agents 

Dimethyl Suberimidate or Dimethyl Pimelimidate 

This example illustrates the ability of the recombinant 
carbonic anhydrase polypeptides of the present disclosure 
that are chemically modified by treatment with the cross 
linking agents dimethyl Suberimidate and dimethyl pimelimi 
date to exhibit increased activity in accelerating the absorp 
tion of CO by a solution containing the CO2 absorption 
mediating compound MDEA. 

Preparation and Assay of Chemically Modified Carbonic 
Anhydrase Polypeptides: 

Shake-flask powder preparations of the recombinant car 
bonic anhydrase of SEQID NO: 1152 were chemically modi 
fied by treatment with either of the cross-linking agents dim 
ethyl suberimidate (Sigma-Aldrich Corp., St. Louis, USA) or 
dimethyl pimelimidate (Sigma-Aldrich Corp., St. Louis, 
USA) according to the same method used for glutaraldehyde 
treatment in Example 8, except that instead of glutaraldehyde 
either of dimethyl suberimidate or dimethyl pimelimidate 
was added as a Solid to the polypeptide Solution to give the 
desired final concentration of cross-linking agent. Two dif 
ferent treatment concentrations were used for each of dim 
ethyl suberimidate and dimethyl pimelimidate: 0.25% and 
2.5%. 

Activity was determined by SCR assay of 1 g/L chemically 
modified enzyme in a solution 4.2 MMDEA, unloaded with 
CO at 50° C. Stability of the chemically modified enzymes 
was also determined by measuring residual activity after 21 
hours of incubation at 75°C. in the same assay solvent. 

Results: 
As shown in Table 22 below, for both the DM-Suberimidate 

and DM-pimelimidate cross-linking agents under both treat 
ment conditions, the chemically modified B-class carbonic 
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anhydrase polypeptide of SEQ ID NO: 1152 exhibited 
increased carbonic anhydrase activity relative to the same 
enzyme that was not chemically modified in an initial assay. 
After 21 h of incubation at 75°C. in the same assay solution, 
the enzymes chemically modified with dimethyl suberimi 
date and dimethyl pimelimidate no longer exhibited 
improved carbonic anhydrase activity compared to the 
unmodified enzyme. Thus, treatment with these cross-linking 
agents did not result in increased enzyme stability based on a 
21 hour incubation at 75°C. This apparent lack of increased 
stability is not unexpected as both dimethyl suberimidate and 
dimethyl pimelimidate are known to result base labile cross 
links that likely are cleaved during the challenge resulting in 
a loss of any stabilizing effect due to chemical modification 
that results in cross links. 

TABLE 22 

Initial Activity k after challenge 
Activity kic (21 h, 75° C.) 

Sample (s) (s) 

SEQID NO: 1152 193 113 
(unmodified) 
SEQID NO: 1152 + 0.25% 5O1 131 
DM-Suberimidate treatment 
SEQID NO: 1152 + 2.5% 231 134 
DM-Suberimidate treatment 
SEQID NO: 1152 + 0.25% 411 118 
DM-Pimelimidate treatment 
SEQID NO: 1152 + 2.5% 303 113 
DM-Pimelimidate treatment 

Example 13 

Increased Acceleration and Stability of CO, 
Absorption in the CO. Absorption Mediating 
Compound Solution MDEA by a Recombinant 

Carbonic Anhydrase Treated with the Base-Stable 
Cross-linking Agent Suberic Acid 

Bis(N-hydroxysuccinimide) 

This example illustrates the ability of the recombinant 
carbonic anhydrase polypeptides of the present disclosure 
that are chemically modified by treatment with the base stable 
cross-linking agent Suberic acid bis(N-hydroxysuccinimide) 
to exhibit increased activity and Stability in accelerating the 
absorption of CO by a solution containing the CO2 absorp 
tion mediating compound MDEA. 

The recombinant carbonic anhydrase of SEQID NO: 1152 
was chemically modified by treatment with either 0.25% or 
2.5% concentrations of the cross-linking agent Suberic acid 
bis(N-hydroxysuccinimide). The chemically modified 
enzyme was assayed for carbonic anhydrase activity at 1 g/L 
in 4.2 MMDEA, unloaded with CO, at 50° C. 

Preparation and Assay of Chemically Modified Carbonic 
Anhydrase Polypeptides: 
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Shake-flask powder preparations of the recombinant car 

bonic anhydrase of SEQID NO: 1152 were chemically modi 
fied by treatment with the cross-linking agent Suberic acid 
bis(N-hydroxysuccinimide) (Sigma-Aldrich Corp., St. 
Louis, USA) according to the same method used for glutaral 
dehyde treatment in Example 8, except that suberic acid bis 
(N-hydroxysuccinimide) (“suberic-NHS) was added as a 
Solid to the polypeptide Solution and was mixed during the 
1-4 hour incubation period. Two different treatment concen 
trations of Suberic-NHS were used: 0.25% and 2.5%. 

Results: 
As shown in Table 23 below, there was a slight increase in 

the initial carbonic anhydrase activity for the sample solution 
of the carbonic anhydrase polypeptide of SEQID NO: 1152 
modified with a 0.25% concentration of the cross-linking 
agent but no significant activity increase for the 2.5% Sample. 
The sample modified with 2.5% cross-linking agent, how 
ever, exhibited no significant loss of activity after 23 hand 46 
h incubation in the assay solvent at 75° C. In contrast, the 
same carbonic anhydrase polypeptide when unmodified 
showed 45 and 43% residual activity after 23 and 46 h (in the 
same solvent) and the 0.25% sample showed 58 and 41% 
residual activity in the same time frame and solvent. Thus, 
treatment with 2.5% of the suberic-NHS cross-linking agent 
results in a chemically modified enzyme with increased sta 
bility. 

TABLE 23 

Activity Activity Activity 
k1.c4 (s") ki.c4 (s) ki.c4 (s") 

Initial after 23h after 46h after 115h 
Activity challenge challenge challenge 
k1.c4 (s") at 75° C. at 75 C. at 75° C. 
(% residual (% residual (% residual (% residual 

Sample activity) activity) activity) activity) 

SEQID NO: 147 66 63 16 
1152 (100%) (45%) (43%) (11%) 
(unmodified) 
SEQID NO: 211 122 86 40 
1152 -- (100%) (58%) (41%) (19%) 
0.25% Suberic 
NHS treatment 
SEQID NO: 154 157 145 36 
1152 -- (100%) (102%) (94%) (24%) 
2.5% Suberic 
NHS treatment 

All publications, patents, patent applications and other 
documents cited in this application are hereby incorporated 
by reference in their entireties for all purposes to the same 
extent as if each individual publication, patent, patent appli 
cation or other document were individually indicated to be 
incorporated by reference for all purposes. 

While various specific embodiments have been illustrated 
and described, it will be appreciated that various changes can 
be made without departing from the spirit and scope of the 
invention(s). 

SEQUENCE LISTING 

The patent contains a lengthy “Sequence Listing section. A copy of the “Sequence Listing is available in 
electronic form from the USPTO web site (http://seqdata.uspto.gov/?pageRequest=docDetail&DocID=US08569031B2). 
An electronic copy of the “Sequence Listing will also be available from the USPTO upon request and payment of the 
fee set forth in 37 CFR1.19(b)(3). 
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What is claimed is: 
1. A method for removing carbon dioxide from a gas stream 

comprising the step of contacting the gas stream with a 
homogenous liquid Solution under Suitable conditions, 
wherein the solution comprises: 

(i) an O-class carbonic anhydrase polypeptide chemically 
modified by treatment with a cross-linking agent; and 

(ii) a CO absorption mediating compound; 
whereby the solution absorbs carbon dioxide from the gas 

Stream. 

2. The method of claim 1, wherein the chemically modified 
carbonic anhydrase has increased carbonic anhydrase activity 
in the presence of the CO2 absorption mediating compound 
relative to the activity of the same carbonic anhydrase 
polypeptide that is not chemically modified. 

3. The method of claim 1, wherein the chemically modified 
carbonic anhydrase has increased carbonic anhydrase activity 
in 4.2 MN-methyldiethanolamine (MDEA) at 50° C. com 
pared to the activity under the same conditions of the same 
carbonic anhydrase polypeptide that is unmodified. 

4. The method of claim 1, wherein the cross-linking agent 
is selected from the group consisting of a dialdehyde, a bis 
imidate ester, a bis(N-hydroxysuccinimide) ester, a diacid 
chloride, and mixtures thereof. 

5. The method of claim 1, wherein the cross-linking agent 
is a dialdehyde having one or more carbon atoms between the 
two aldehyde groups. 

6. The method of claim 1, wherein the cross-linking agent 
is a bis-imidate ester having one or more carbon atoms 
between the two imidate ester groups. 

7. The method of claim 1, wherein the cross-linking agent 
is a bis(N-hydroxysuccinimide) ester of a di-carboxylic acid. 

8. The method of claim 1, wherein the C-class carbonic 
anhydrase polypeptide is a recombinant carbonic anhydrase 
polypeptide derived from an O-class carbonic anhydrase 
comprising an amino acid sequence selected from the group 
consisting of SEQID NO: 1298, 1300, 1302, 1304, 1306, and 
13O8. 

9. The method of claim 1, wherein the CO absorption 
mediating compound is an amine compound selected from 
the group consisting of: 2-(2-aminoethylamino)ethanol 
(AEE), 2-amino-2-hydroxymethyl-1,3-propanediol 
(AHPD), 2-amino-2-methyl-1-propanol (AMP), diethanola 
mine (DEA), diisopropanolamine (DIPA), N-hydroxyeth 
ylpiperazine (HEP), N-methyldiethanolamine (MDEA), 
monoethanolamine (MEA), N-methylpiperazine (MP), pip 
erazine, piperidine, 2-(2-tert-butylaminoethoxy)ethanol 
(TBEE), triethanolamine (TEA), triisopropanolamine TIA), 
tris, 2-(2-aminoethoxy)ethanol. 2-(2-tert-butylaminopro 
poxy)ethanol, 2-(2-tert-amylaminoethoxy)ethanol, 2-(2-iso 
propylaminopropoxy)ethanol, 2-(2-(1-methyl-1-ethylpropy 
lamino)ethoxy)ethanol, and mixtures thereof. 

10. The method of claim 1, wherein the CO absorption 
mediating compound is MDEA and the suitable conditions 
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comprise an MDEA concentration of at least 3 M and a 
solution temperature of from 40°C. to 110° C. 

11. The method of claim 1, wherein the CO absorption 
mediating compound is ammonia and the Suitable conditions 
comprise an ammonia concentration of 1 M to 8 M and a 
solution temperature of from 0°C. to 20°C. 

12. The method of claim 1, wherein the CO2 absorption 
mediating compound is carbonate ion and the Suitable con 
ditions comprise from 0.1 M CO’ to 5 MCO. 

13. The method of claim 1, wherein the method further 
comprises exposing the homogenous solution comprising the 
chemically modified carbonic anhydrase polypeptide, the 
CO absorption mediating compound, and absorbed carbon 
dioxide to suitable conditions for desorbing the carbon diox 
ide from the solution. 

14. A homogenous liquid formulation comprising an aque 
ous solution of a CO absorption mediating compound and a 
soluble composition having carbonic anhydrase activity com 
prising an O-class carbonic anhydrase polypeptide chemi 
cally modified by treatment with a cross-linking agent, 
wherein the chemically modified carbonic anhydrase has 
increased carbonic anhydrase activity in the presence of the 
CO absorption mediating compound relative to the activity 
of the same carbonic anhydrase polypeptide that is not chemi 
cally modified. 

15. The homogenous liquid formulation of claim 14, 
wherein cross-linking agent is selected from the group con 
sisting of a dialdehyde, a bis-imidate ester, a bis(N-hydrox 
ySuccinimide) ester, a diacid chloride, and mixtures thereof. 

16. The homogenous liquid formulation of claim 14. 
wherein the C-class carbonic anhydrase polypeptide is a 
recombinant carbonic anhydrase polypeptide having an 
activity half-life (t) of at least 9 hours in 4 MMDEA at 50° 
C. prior to chemical modification and which is derived from 
an O-class carbonic anhydrase comprising an amino acid 
sequence selected from the group consisting of SEQID NO: 
1298, 1300, 1302, 1304, 1306, and 1308. 

17. A method for removing carbon dioxide from a gas 
stream comprising the step of contacting the gas stream with 
a homogenous liquid formulation of claim 14 under Suitable 
conditions, whereby the homogenous liquid formulation 
absorbs carbon dioxide from the gas stream. 

18. A method for preparing a chemically modified C-class 
carbonic anhydrase comprising contacting in a solution: (i) a 
recombinant carbonic anhydrase polypeptide derived from an 
C-class carbonic anhydrase comprising an amino acid 
sequence selected from the group consisting of SEQID NO: 
1298, 1300, 1302, 1304, 1306, and 1308; and (ii) a cross 
linking agent selected from the group consisting of a dialde 
hyde, a bis-imidate ester, a bis(N-hydroxysuccinimide) ester, 
a diacid chloride, and mixtures thereof. 

k k k k k 


